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Chapter 1

INTRODUCTI ON

1.1 Reasons for Development of Multi-Legged Walking Machines

The history of the land transportation of human beings is marked

by the following great events. In the earliest days, man depended on

his own legs for transportation. Almost at the same time, animals were

trained by man to carry people or cargo. Animals then became the most

important means of human transportation for centuries to follow. Later,

the invention of the wheel, which may be regarded as the greatest in-

vention in the history of human transportation, greatly improved the

efficiency of transportation. Vehicles built on wheels and pulled by

man or animal became the most effective means of transportation on

land for many centuries. A road system was constructed to enhance the

effectiveness of wheeled vehicles. About two centuries ago, another

great invention, the heat engine, was developed and initiated the

Industrial Revolution. Animal or human powered vehicles were then

replaced by engine powered vehicles. The road systems were also

developed into well paved road and railroad systems. Today in the

Twentieth Century, the application of the wheel seems to have reached

its climax, and man's original means of transportation, his legs, has

assumed a very secondary role for long distance transportation.

-
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Today, nearly all terrestrial vehicles are based on a wheeled

system. (A tracked vehicle can be considered as a wheeled vehicle

which carries and lays its own road.). Through the centuries, wheeled

vehicles, operating on paved roads, have proven to be the most

efficient means for long distance land transportation. Moreover,

wheeled and tracked vehicles also serve as off-road vehicles on

relatively smooth natural terrain with acceptable performance.

Therefore, wheels are so entrenched in our culture that it is easy to

think that men and animals have been forced to adopt an inferior

legged locomotion scheme due to the inability of nature to create a

rotating joint.

However, recent research reveals that the real situation

contradicts this view of locomotion. In his book [1], Bekker showed

that the average speed on rough, hard terrain is 5-10 mph for tracked

vehicles and 3-5 mph for wheeled vehicles while animals can reach a

maximum speed on the order of 35 mph. Also, for a terrain with a 10

inch layer of plastic soil, the power required for propulsion is 10

hp/ton for a tracked vehicle and 15 hp/ton for a wheeled vehicle, but

only 7 hp/ton for a legged, walking machine.

In another book [2), Bekker applied soil mechanics to explain

the superior mobility of legged locomotion exhibited by animals in

comparison to wheeled or tracked vehicles. That is, a wheel or track

sinks into soft soil and produces a depression out of which it is

continuously trying to climb, while legs create only discrete footprints

in which any back slip pushes up soil behind the foot which increases

traction.

b.-.
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Moreover, comfort in transportation in irregular terrain

is also in favor of legged locomotion. According to our own experience

and observation, in a certain degree of rough terrain it is more

comfortable to ride on horseback than to sit in a vibrating wheeled or

tracked vehicle while both are traveling at the same speed.

Hence, at least four potential advantages of legged vehicles over

wheeled or tracked vehicles can be concluded from the above discussion.

These advantages are:

1. Higher speed.

2. Better fuel economy.

3. Greater mobility.

4. Better comfort.

In addition to these potential advantages as incentives to develop a

legged walking machine, one investigation shows that roughly fifty

percent of the land on Earth is not accessible to conventional wheeled

or tracked vehicles [3]. A walking machine which can travel where

terrain difficulties make wheeled or tracked vehicles ineffective will

be very useful in applications in many areas such as commerce, science,

agriculture, military ... etc.

1.2 The ASV and Objectives of this Dissertation

Even before men became aware of these potential advantages, they

were inspired to dream about walking machines. Two examples of many

incidents related to this inspiration are given below. In 1893,
-A

Rygg obtained a patent for the design of a mechanical horse (see Figure

A
. 1.1). There is no evidence to prove that he actually built this machine.

"-A
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In 1913, Bechtolsheim obtained a patent for his design of a four-legged

machine (see Figure 1.2). Again, there is no report of his success

in building this machine.

L141 2.-ftr ftmreitwaaeu it". Frihrna v. afthtus'beiza.
DIP 554334 ausm lena Jab,. 1913.

Figure 1.2: patent drawing of a walking vehicle in 1913.

In the mid l9SO's, a number of research groups started to study

and develop walking machines in a systematic way. About a decade

later, walking machines began to be designed and built by different

groups in laboratories. Up to the present time, according to the

• %%.'' m*)*"
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author's knowledge, about a dozen of these walking machines have been

built [4 through 21]. Although some of these machines were able to

walk in laboratories and demonstrate some mobility on certain occa-

sions, all of these walking machines are still in their infancy and

do not exhibit any of the advantages mentioned above in a practical

sense.

The reasons for this slow progress mainly arise from the

complexity of leg coordination control, the limited understanding of

walking gaits and the lack of the development of practical machine

legs. However, based on these previous research efforts and modern

technologies in robotics and in microcomputers, a major improvement

in legged walking machines is expected in the near future.

Currently, a research program at the Ohio State University, with

the aid of some other research groups' is developing a fully self-

contained, automatically terrain-adaptive, six-legged walking machine. .

This walking machine, known as the Adaptive Suspension Vehicle (ASV),

has one human operator, can carry 500 pounds payload and is expected

to demonstrate fuel economy and mobility which are superior to that

of conventional wheeled and tracked vehicles in rough terrain.

Figure 1.3 shows an artist's conception of the latest version of the

ASV.

z University of Wisconsin, which is in charge of the flywheel power
supply system, and Environmental Research in Michigan (ERIM), which is
in charge of the video terrain-scanning system, are the two major
support groups.

.. .- ." -
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In order to provide a more complete understanding of the ASV,

the design specifications2 are given in Table 1.1.

Table 1.1

Design Specifications of the ASV.

-Dimensions: 16 feet in length.
10 feet in height.
7 feet in track width.

-Weight: 6000 pound dry weight.

-Payload: SO0 pound.

-Speed: 5 mph cruise speed.
8 mph sprint speed.

-Endurance: 10 hours.

-Grade climb > 60% slope.

ability: 70% for cross slope.

-Mobility:

* Ditch crossing: 6 feet.

* Vertical step crossing: 5.5 feet.

* Isolated wall crossing: 4.5 feet.

* Fording depth: 4 feet.

-Fuel economy: better than conventional vehicles in rough
terrain.

2 The design specifications fo the ASV has been revised along with the

new development in the project.

.-. <...
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In order to achieve this goal, research in the area of control,

gait study, leg geometry, and power transmission and actuation are in

progress to lay a proper theoretical foundation for the design of the

ASV. Other research including development of a terrain scanning

system, man-machine interface engineering, and different sensing

techniques are also in progress to support this design.

The research described in this dissertation is part of the ASV

project. The main objective of this dissertation is to kinematically

design the leg mechanisms as well as the overall geometry of the ASV.

As will be explained in the later chapters, both energy efficiency

and mobility are closely related to leg geometry. In order to support

the design of leg geometry, a sufficient analysis of walking gaits and

mobility should be carried out. Hence, this dissertation can be

divided into two major parts:

1. Gait analysis: To study the gaits used in level
walking and obstacle crossing and the relationship
of vehicle mobility to leg walking volumes.

2. Design of leg geometry: To design an optimal leg
geometry which provides the required walking volume
according to gait analysis, good energy efficiency,
and simplicity in structure for good mechanical
reliability.

1.3 Organization of this Dissertation

"** A

Chapter 2 is a review of previous work in the following two

areas: The mechanical structure of walking machines and walking gaits.

This review is given by way of historical surveys which highlight the

important events in both areas.

...... .. :>%f.......
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,-In Chapter 3, the mathematical and graphical background for gait

analysis is presented. The gait selection problem in different types of

terrain is also discussed. Detailed studies of the major gaits used

in level walking are presented. These major gaits include wave gaits,

equal phase gaits, backward periodic gaits, discontinuous follow-the-

leader gaits, and continuous follow-the-leader gaits. The relationship

between gait stability and leg walking volume is also discussed.

,-In Chapter 4, gaits for walking on gradients and methods toimpove

stability are studied. Also, gaits which may be used in crossing three

major obstacle types are studied.' The three major obstacle types are

ditches, vertical steps and isolated walls. In each case, the relation-

ship between vehicle mobility and leg walking volume is studied.

In Chapter 5, the design of leg geometries based on four-bar

linkages is discussed. Major techniques to optimize leg linkages for

optimal walking volume are introduced. Other design aspects, including

bearing loads, actuating force, mounting positions of the actuators,

interference problems and stress analysis, are also considered.

This design results in a four-bar leg and a seven-bar leg.

'In Chapter 6, the design of a different leg geometry, based on a

pantograph mechanism, is presented. A theoretical background of the

motion characteristics of pantographs is given first. Then a design

derived maInly by computer-aided graphical methods is shown. An

analytical study of the walking volume of pantograph legs is also

developed.

In Chapter 7, some other related items of the leg design are

discussed. One of these is the foot-ankle system. A few conceptual

-' :, ..-. . ,,..,,.., ,:,.,..,,..,.,...-.,., ..... .... .......... ... . . ... ...... .. .... . . ...... ,,,-*
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--passive foot-ankle systems are introduced. The second is a numerical

method to find the shortest crank for a four-finitely-separated-

position-synthesis problem. The shortest crank usually results in a

crank rocker, which is the most desirable linkage type in many

applications.

Finally, in Chapter 8, the research work presented in this

dissertation is evaluated and the future development of walking

machines is discussed.
, a
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Chapter 2

SURVEY OF PREVIOUS WORK

2.1 Introduction

This chapter is a review of the previous work related to walking

machines. Two surveys which highlight the important events are given

below. One survey covers the hardware built in the past with emphasis

on leg structures. The other survey covers the research in gaits.

These surveys are given according to the chronological sequence of

the reports or papers so that the trend of development can be

understood.

Before we come to these surveys, it is helpful to point out the

lack of the success in the design of a practical walking machine

in the previous work, although the accomplishment has been significant.

According to the author's observation, this results mainly from

deficiencies of knowledge in three areas: control, gaits and

actuation and leg design. If any of these three areas is not developed

to fully satisfy the need of a practical walking machine, success will

be limited.

The control of a legged vehicle, in the past, has been regarded

as the most crucial aspect and has received considerable attention.

Nearly all the walking machines constructed so far were built for

12
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control study. However, many aspects of control require more study.

This is particularly true of control of statically unstable locomotion.

Gait was originally studied by zoologists attempting to understand

animal locomotion. It was not studied in a systematic way by engineers

prior to the past twenty years. Before the ASV project began, the

development of gait study included the study of animal locomotion,

the study of periodic gaits, some computer simulation of the hexapod

walk in irregular terrain, and the implementation of a few gaits for

the walk in smooth terrain. As far as the need of an all-terrain

practical walking machine, more study is required to enhance the

vehicle's mobility in rough terrain and in obstacle crossing.

Research on power transmission, actuation and leg geometry is the

newest topic of research among the three. In the following survey,

only a few machines prior to the ASV project have shown a well

considered leg design (the Space General Machine, the G.E. Quadruped

and the PV II). It has been recognized gradually that a functional and

efficient leg can not depend on control alone. More research on these

issues is required for a practical walking machine.

Knowledge in these three areas has been made up gradually by

researchers in the ASV project and in other groups. This dissertation

contributes to the second and the third areas. The following are the

two surveys which provide a proper understanding of the starting point

of this dissertation

,.4
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2.2 Survey of Legged Vehicles

In 1960, an extensive study of linkage mechanisms for legged

locomotion undertaken by Shigley was reported in reference [4].

In that paper, he proposed several mechanisms which may be used as a

leg for a walking machine. These mechanisms included four-bar linkages,

linkages with a slide in a com-groove, pantograph mechanisms...etc.

He also built a vehicle with four rectangular frames. Each frame served

as a leg and was nearly as long as the body. The legs were moved in

pairs and the stroke was short enough to ensure static stability.

The motion of the legs was controlled by a set of double-rocker

linkages. Although it did function, it required non-circular gears for

uniform velocity of foot motion and was found to be not practical.

In the early 1960's, Space General Corporation developed two

walking machines in order to explore the concept of legged locomotion

for a lunar rover. One of these was an externally powered, six-legged

machine [5] while the other was a self-contained, eight-legged machine

[6]. The leg motions of both machines were coordinated by cams and

transmitted by linkages. These vehicles were quite effective within

their design goals. The eight-legged machine could turn in its own

length using a form of skid steering. The terrain adaptability was

poor, however, due to a lack of the necessary degrees of freedom.

In 1966 and 1968, a four-legged machine dubbed the "Phoney Pony"

built by Frank and NcGhee at the University of Southern California

was reported in references [7] and [8], respectively. This was the

first legged vehicle to walk autonomously under full computer control.

"°' -1
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Each leg possessed two degrees of freedom, and the joint coordination

was performed by a computer instead of by cams of linkages. The leg

was composed by two links and two single-degree-of-freedom joints.

Both joints were actuated by electric motors via a worm gear speed

reducer. The machine was powered externally through a cable and

walked with two different gaits: the quadruped walk and the quadruped

trot.

In 1968, a 3000 pound quadruped built by General Electric

Corporation was reported [9, 10] (see Figure 2.1). Each leg possessed

three degrees of freedom. The knee joint had one degree of freedom

and the hip joint had two degrees of freedom. Each degree of freedom

was actuated through a crank by a linear hydraulic cylinder. The

operator controlled the four legs by his hands and feet through a

master-slave type hydraulic servo system. Control of this 12-degree-

of-freedom system was very demanding and difficult. Only a few

people learned how to master it and they found operation for extended

periods to be tiring. Although the G.E. quadruped did demonstrate

impressive obstacle climbing ability and good mobility in difficult

terrain, it became clear that a computer controlled system is

necessary for a multi-degree-of-freedom vehicle.

In 1969, the largest off-road vehicle in the world, a coal-

mining dragline called "Big Muskie," built by the Bucyrus-Erie

Company was reported in reference (11]. The vehicle weighs twenty-

seven million pounds and has four hydraulically powered legs. When

it moves, the four legs raise the body and move fcrward or backward

one stride and then lower the body to the ground. While the body

-........ . . .
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Figure 2.1: The G.E. Quadruped.
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remains on the ground, the legs lift and move to the next position.

This motion is cycled by an electronic sequencer.

In 1972, a group at the Institute Mihailo Pupin in Belgrade,

Yugoslavia, built a biped exoskeleton to help paraplegics (12]. h

This biped was pneumatically powered and coordinated by an analog

computer. It was successfully operated with or without a 1

patient.

In 1972, an electrically powered, six-legged walking machine

built by Petternella and his associates at the University of Rome

was reported in reference [13]. This machine was similar to the

Phoney Pony except that interaction between the human operator and

the machine was attempted.

Since 1972 Kato, at Waseda University in Tokyo, Japan, has

developed a series of computer controlled bipeds [14]. These bipeds

could climb stairs under the control of an operator. The major flaw

of these bipeds is a lack of speed. They required up to 90 seconds

to complete one step.

In 1974, in Russia, a six-legged vehicle built at Moscow Physio-

Technical Institute was first reported by Schneider et al [15].

Later, in 1978, the development of two six-legged walking machines

was described by Okhotsimski and his colleagues [16]. One was operated

under control of an analog computer and the other was equipped with a

scanning distance-measuring system. Pictures of these machines were

displayed in another of Okhotsimski's papers in 1978 [17]. Both

machines were powered externally and one of them could turn in its body

length. From the pictures, the leg structure is an "insect" type

- -- - , I - i , u m im ... . .. . .. 5 . . . .. -
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leg composed of one upper link and one lower link. Each leg has three

degrees of freedom. The joint is actuated by motors and gears. The

foot pad is attached on the lower link with a gimbal joint.

In 1977, a six-legged walking machine, the OSU Hexapod, built by

McGhee and his associates at the Ohio State University first walked in

the laboratory [18]. This vehicle has been continuously improved since

then by adding force sensors, gyroscopes, proximity sensors and a

camera system [19,20]. This vehicle is fully controlled by a PDP 11/70

computer via an umbilical and is powered externally through a cable.

The weight of this machine is 300 pounds. This machine was built

primarily to study control algorithms for a walking machine. Each leg

has three degrees of freedom and is made of two links connected by

joints. Each joint is composed of an electric motor and a worm gear.

Figure 2.2 shows the Hexapod is climbing down a step via a remote joy

stick control.

In 1980, a four-legged walking machine called the PV II, built by

Hirose and Umetani of the Tokyo Institute of Technology was reported

in reference [21]. It only weighs 22 pounds and walks at an average
y.I

speed of 0.8 in/sec with a power consumption of 10 Watts. Although this

low power consumption is mainly due to its light weight and slow speed,

a sophisticated leg design should also partially contribute to this

relatively high efficiency. The leg geometry is a three dimensional

pantograph mechanism. Each direction of motion is powered by a DC

motor via a power screw speed reduction system. A passive ankle system

is also included in the leg design. The PV II can maintain a
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horizontal body orientation and has contact sensors on each foot to

detect contact with obstacles in its path or with the ground. It is

powered externally and is controlled by an external computer via an

umbilical cable.

In 1982, a one-legged walking machine, the Monopod,1 was built by

Vohnout at the Ohio State University [47]. The Monopod is a 20 inch

high four-bar leg which is mounted on the inner frame of a three-wheeled

cart. The inner frame is allowed to move vertically relative to the

cart along ball bushings. During walking, the leg pushes the cart

forward to gain speed in contact phase. The foot is then lifted by

shortening the driven crank of the four-bar via a DC motor and ball

screw system. The cart keeps on moving after the foot is lifted

because of the inertial momentum. The machine was initially controlled ..

externally by a PDP 11/70 computer. Later, the computer was replaced

by an on-board microcomputer (Intel 8086). The Monopod was built to

test the energy efficiency of the four-bar leg. The tested data was

compared to the data of the OSU Hexapod and an improvement in specific

resistance2 by a factor of 20 was obtained.

Also in 1982, a six-legged passive walking machine, the DUWE, was

built by Brown at the Ohio State University [48]. The DUWE was moved

by a towing cart in front of the vehicle. A load cell was installed in

Both the Monopod and the DUWE are part of the ASV project.

The specific resistance is a dimensionless coefficient used to com-

pare the efficiency of different biological and mechanical locomotion
systems regardless of their weight [45].

,. .
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the towing cable to measure the twoing force. The DUWE walked in an

alternating tripod gait. Each of the three legs (the front leg, the

rear leg and the middle leg on the opposite side) were synchronized by

a pulley and cable system. The vehicle was controlled by an Apple II

microcomputer which was placed on the cart. The leg structure was

similar to that of the Monopod except that the foot was lifted by

shortening the driven crank via a toggle mechanisms actuated by a

solenoid. The specific resistance of this vehicle also showed an

even larger improvement over that of the OSU Hexapod. If the solenoid

had been replaced by the same DC motor and ball screw system used in

the Monopod, the improvement over the Hexapod was projected to be two

orders of magnitude.

In 1983, a hopping machine was built by Raibert at Carnegie-Mellon

University [50,58]. This hopping machine has only one leg and must hop

continually in order to maintain balance. The leg has three degrees

of freedom. The vertical motion is provided by a pneumatic cylinder

which is mounted on the body frame via a gimbal joint. Two hydraulic

actuators control the lateral motion of the leg. This machine is

powered and controlled externally.

Also in 1983, a six-legged vehicle was built by Sutherland [50].

This machine was the first self-contained walking machine controlled

by an on-board microcomputer. This machine could walk on smooth

terrain and carry a human operator. Each leg had three degrees of

freedom actuated by three hydraulic actuators. The leg structure was

composed of two links and two joints. The hip joint was a universal

"% -1
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joint. The foot was moved by the coordination of three actuators.

The on-board power supply was a gasoline engine which drove a set

of hydraulic pumps.

In 1983, a six-legged "Functionoid," the ODEX I, built by

Odetics Inc. demonstrated its strength and agility and was reported

in reference (51]. The ODEX I can walk into a small truck under

remote control only using leg movements pre-programmed with knowledge

of the height of the truck bed. This is very different from step

climbing by the OSU Hexapod or ASV. The ODEX I only weighs 370

pounds, yet it can lift a 900 pound weight. This machine is powered

by an on-board aircraft battery and is controlled by on-board computers

which receive commands from a joystick via radio telemetry. The six

legs are mounted axisymmetrically around the body. Each leg has three

degrees of freedom. The leg mechanism is a planar linkage mounted

to the body via a vertical joint. The two degrees of motion of the

planar leg linkage are actuated by motor and ball screw systems.

The vertical rotating joints are moved by motors and gears.

2.3 Survey of Gait Study

As early as 1899, Muybridge used successive photographs to study

the locomotion of animals [22]. In 1901, he applied the same

techniques to the study of human locomotion (23]. His works are

reagarded as classics in the study of walking gaits.

In 1961, Tomovic and Kurplus of Yugoslavia were the first to use

mathematical methods to analyze legged locomotion (24]. They applied

the theory of finite states to legged locomotion systems. That is,
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a leg is considered to be in either one of two states: on the ground

or in the air.

In 1965, Hildebrand developed the concept of a gait formula 3
.1t

to describe symmetric gaits in a complete and accurate way. He first

defined the stride as the distance the body moves in one locomotion

cycle. He then defined two independent variables used in the gait

formula. One is the ratio of the time each foot is on the ground to

each stride interval. The second is the ratio of the time the

footfall of a fore foot lags behind the footfall of a hind foot on

the same side to the stride interval. He also introduced the gait

diagram to describe the gaits of horses [25].

In 1968, McGhee extended the work of Hildebrand and gave a strong

mathematical base for the analysis of walking gaits. He defined the

basic terminologies* such as stride length, duty factor, phase...etc.

He also adopted Tomovic's concept and defined a gait matrix [26].

In 1968, McGhee and Frank used longitudinal stability margins to

study statically stable walking gaits of a quadruped. They proved

mathematically that there is a unique optimum gait which maximizes the

longitudinal stability margin of a quadruped [27]. The resultant gait

stability margin is B - 3/4 where 8 is the duty factor, or ratio of the

contact phase time to the stride period.

" The gait formula defined by Hildebrand is slightly different from
the definition given in Section 3.2.1.

The definitions of the terminologies used in this section are given
in Section 3.2.1.

. ...
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In 1972, McGhee and Jain defined another mathematical description

of a gait, the "event sequence." They also catagorized the 5,040

theoretically possible connected quadruped gaits into 492 column

compatible classes. Then by the methods of column permutation and

complementation they further reduced column compatible classes into 45

equivalence classes [28].

In 1973, Bessonov and Umnov showed by numerical experimentation

that a regular and symmetric hexapod gait with the following phase

relationships maximizes the longitudinal stability margin of all

periodic gaits of a hexapod (29]:

=3B, =28 I a > 0.5 (2.1)

where n is the phase of leg n and 8 is the duty factor. Phase is

measured as the ratio of the time footfall of leg n lags behind that

of leg 1 to the stride period.

In 1974, Sun further reduced the 45 equivalence classes of McGhee

and Jain into 14 equivalence classes by the methods of wider class

transformation. He also developed a computer program to calculate the

longitudinal stability margins of six-legged regular and symmetric

gaits. From the results of his program, he also found that the gait

defined by Equation (2.1) maximizes the gait stability margin of

hexapod gaits. His work was carried out independently of the work

done by Bessonov and Umnov (30].

In 1979, a non-periodic gait, known as "free gait," was introduced

by McGhee and Iswandhi [40]. A free gait is suitable for locomotion
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over terrain which includes regions not suitable for weight bearing.

These regions must be avoided by the control computer in deciding

when and where to successively place the feet of the vehicle.

Algorithms of free gait have been implemented into simulated coordina-

tion programs and vehicle motion displayed on graphical terminals.

This preliminary study has shown the pract-cality of this algorithm

for a walking vehicle. Free gaits depend on a terrain analysis system

which can specify those regions which are not suitable for weight

bearing.

In 1983, Tsai successfully implemented a follow-the-leader gait

into a computer program on the OSU Hexapod [36]. In a follow-the-

leader mode on each side of the body, the front leg steps on a selected

foothold. The middle leg steps in the footprints of the front leg.

The rear leg steps in the footprints of the middle leg. The selection

of a foothold for the front leg was made by the human operator using a

laser beam. In this way, the vehicle can avoid those regions which are

not suitable for weight bearing while the operator is only concerned

about the footholds for the two front legs.

2.4 Summary

From experience with walking machines built in the past, three

-' aspects which are crucial for the design of a practical walking

machine were found to require further study: control of legged

vehicles, gaits and actuation and leg design. The vehicle control was

regarded as the most crucial aspect of walking machine design because

of its complexity. Intensive study in this area was done and is being
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carried out by many researchers.

Efficient machine legs and actuation systems were not seriously

studied until very recently. The legs of many previously built walking

machines were made by directly connecting two links with actuated joints

and resulted in poor efficiency. Only one recently built walking

machine showed sophisticated leg design and had been shown to be more

efficient than previously built machines. This machine used a panto-

graph as the basic leg mechanism. Among all the walking machines

mentioned in this chapter, the Space General Machine, the Phoney Pony,

the G.E. Quadruped, the Monopod and the DUWE had a vertical leg

structure, or a "mammal" type leg, while most of the other machines

had a horizontal leg structure, or an "insect" type leg.

The gait study in the past was concentrated on straight line

locomotion in smooth terrain. Only very recently, algorithms such as

free gaits and follow-the-leader gaits for walk in rough terrain were

studied. Gait for obstacle crossing was very scarce in literature.

S**.* * ..



Chapter 3

GAIT ANALYSIS PART I -

BACKGROUND FOR GAIT ANALYSIS AND GAITS FOR LEVEL WALKING

3.1 Introduction

A gait of an articulated living creature or a walking machine is

the corporate motion of the legs, which motion can be defined as the

time and the location of the placing and lifting of each foot,

coordinated with the motion of the body in its six degrees of freedom,

in order to move the body from one place to another. Therefore, for a

certain motion of an animal or a walking machine, a gait can be defined.

On the other hand, for a given well-defined gait, the motion of the

animal or walking machine can also be precisely defined. Consequently,

gaits describe and determine the speed, the direction of motion and the

mobility of an animal or a walking machine. To a designer of a walking

machine, a good understanding of gaits is essential. For instance, the

number of legs, the leg geometry and the mobility performance are very

much related to the selected gait.

The following example should explain the importance of gait

analysis in the design of a walking machine. It has been noted that

animals use similar gaits for certain motions. For example, horses

have one gait for walking, another gait for trotting, and another gait

for galloping. This similarity is also found in many other kinds

27
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of animals. It appears that under certain conditions, e.g., a given

speed, all members of a species adopt a similar gait. Moreover, very

often, different species may use similar gaits under the same conditions

* of motion. For instance, the gaits for slow speed walking of tigers,

lions, dogs, deer and many other animals are very similar.

A possible conclusion is that, under some conditions of motion,

a certain gait is optimal. Thus different species adopt it

spontaneously. The reasons for this optimality may be related to

stability, leg structure, speed, mobility... etc. It is of great

interest to determine the optimal gaits for various conditions and
b-

the reasons of their optimality. This understanding would help to

choose proper gaits for a walking machine under various conditions.

Leg performance and coordination should be compatible with all of the

gaits which may be used. The most crucial aspect of the design of a

walking machine is leg design and coordination. This design should be

based on the results of gait analysis.

Due to the complexity of gait analysis, many aspects are still

poorly understood. However, a few researchers in the past two decades

have worked on this subject and a mathematically systematized foundation

has been laid. Based on this foundation, many useful definitions and

theorems for gait analysis have been developed. At the present time,

it is possible to carry out further research in an efficient way.

3.1.1 Control Modes of the ASV

In order to obtain an overall understanding of the gaits for a

walking machine, it is helpful to understand the control organization

" .. -.. . ,,.. . .. "" "" 
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29

of the machine. The proposed control scheme for the ASV is a kind of

supervisory control instead of individual limb control. That is, the

human operator only controls the general motion of the body, a problem

of from two to six degrees of freedom, and leaves the other details,

such as the control of individual limbs and the coordination of leg

motion, to a computer.

The operator's cab is equipped with aircraft-style controls and

displays; the operator steers and controls the speed through a three-

axis joystick. An optical radar mounted on top of the cap provides

terrain information which is used for foothold selection and body

orientation in some control modes.

There are six control modes in total [37]. The first mode is the

utility mode. This mode is used to check all major vehicle subsystems

and for reprogramming the control computer.

The second, third and fourth modes are in so called "top-down"

mode, in which the operator steers the vehicle along a good pathway

in which every point can bear the load of a foot. In this mode, there

is no capability for avoiding a hole immediately ahead of the vehicle.

Hence, these modes are only suitable for the walking in relatively

smooth terrain.

The second mode is the close maneuvering mode. It is a three-

- axis control mode in which the turning center for body rotation can

be placed anywhere along the vehicle longitudinal axis. The operator

gives a command of an arbitrary combination of yaw rotational rate,

forward velocity, and lateral velocity through the three-axis

joystick. Proximity sensors are used to keep a specified ground

* . *..... * . . . . .
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clearance automatically for the legs in transfer phase'. The optical

radar is not used in this mode.

The third mode is the cruise mode. This mode is designed so that

the vehicle has the most efficient fuel economy in cruise speed. Body

crab angle is limited to a relatively small value. A crab angle is

the angle between the longitudinal direction of the body and the

direction of the motion. The minimum turning radius is held to

several body lengths. Since an even power consumption is desirable,

an equal phase gait2 is expected to be used.

The fourth mode is the dash mode. In this mode, all aspects of

vehicle performance are sacrificed for speed. Specifically,

maneuverability is limited, ride characteristics are expected to be

rough and fuel economy is expected to be poor. A wave gait with a low

duty factor is expected to be used.

The last two modes are in so called "bottom-up" mode, in which the

terrain condition is brought into consideration. In this case, the

terrain immediately ahead of and around the vehicle is divided into

discrete cells. Each cell is about the size of a footprint and is

designated as either a permitted cell (suitable for weight bearing)

or a forbidden cell.

The fifth mode is the terrain following mode. In this mode, all

vehicle sensors are used. The optical radar provides terrain

For definitions, please refer to Section 3.2.1.

2 For gaits, please refer to Section 3.3.
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information for the selection of the footholds. An algorithm making

use of the free gait is implemented and is described as follows. The

decision of placing and lifting of legs and their locations is made by

a computer program. This program is written according to the

reachability of each leg and the suitability of the land. The

reachability is the kinemotically reachable region of each leg. The

suitability depends on the permitted cells of the ground. During

locomotion, the operator gives the direction of body motion only.

The computer selects some permitted cells in the reachable region of

each leg, and generates the commands to place and lift the legs to

accomplish the body motion. At any instant, the legs on the ground

should ensure that the vehicle will be statically stable. If the

percentage of forbidden cells is high, the vehicle may come to a

position where no permitted cells are accessible for the placing of the

legs to accomplish a desired body motion. The vehicle is said to be

deadlocked and has to move back and change its direction of motion.

A computer simulation of this approach has been successfully developed

[38,39, 40].

The sixth mode is the precision footing mode. In a general

sense, a precision footing mode is a mode in which the operator

selects a foothold and gives the commands controlling leg motion for

each leg. This is the most basic control mode for rough terrain

locomotion and was used by the G.E. Quadruped in the 1960's. At that

time, the selection of footholds and the control of leg motion and

coordination was all done by the operator through a master-slave

hydraulic system. This resulted in rapid fatigue and marginal

. ...
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stability due to high demands placed on the operator's motion

coordination skills.

However, for the ASV, the operator is greatly aided by the help

of computer-aided control and sensing technology. In this mode, the

operator is able to control individual legs by means of joystick or

keyboard. A CRT display shows the vehicle stability margin at any

instance. Body motion control can be either automatic [41] or manual.

In the manual mode. Joystick axes can be assigned either to

translational or rotational body velocity control.

3.1.2 Contents of Sections

In Section 3.2, an introduction to the mathematical background

and the graphical methods used for gait analysis is given. Both

analytical methods and graphical methods are used interchangably or

simultaneously in the later sections and chapters.

In Section 3.3, a general guideline for the selection of a proper

gait according to the conditions of terrain, the stability requirements,

the power requirements, and the speed is given. A general description

of the major gaits and their applications is also introduced. These

gaits are periodic gaits, non-periodic gaits, wave gaits, equal phase

gaits, backward periodic gaits, discontinuous follow-the-leader gaits,

continuous follow-the-leader gaits, dexterous periodic gaits and

large obstacle gaits.

In Section 3.4, a detailed study of the major gaits for level

walking in different terrain is given. These major gaits include

all the gaits mentioned in the last section except the large obstacle

: - '-...-'....." ' "- - .. '-., ... ' .. . . . .. - ''" ,- , - ' "." ", , . - , '-- -- , '"'
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gaits. In the next chapter, gaits for slope walking and obstacle

crossing are studied.

3.2 Mathematical Background and Graphical Methods for Gait Analysis

Both analytical and graphical methods are necessary for gait

analysis. The application of each method depends on the problem.

Generally speaking, the analytical method serves as the main tool for

gait analysis. With it, one can analyze numerous gaits in an efficient

way. The graphical method provides a clear understanding of the gait

geometry and is easy to relate to practical needs. In many instances,

both methods are necessary to solve a problem.

3.2.1 Basic Definitions and Theorems for Gait Analysis

The basic definitions and theorems for gait analysis used in this

dissertation are introduced in this section. Most of this work was

established by McGhee and his co-workers and can be found in [31].

A few definitions in this section are modified from those of McGhee

or defined by the author for the convenience of the discussion.

In the later sections, many more definitions and theorems are given .

by the author along with the discussion. All the definitions and

theorems are independently assigned a serial number. In order to help

the understanding of the definitions, a hexapod with simplified

dimensions is shown in Figure 3.1. These dimensions are used to

calculate the performance of the ASV in the following chapters. In

the following discussion, if not specified, the leg ntmber of a 2n-

legged animal is assigned as 1, 3, 5, ..., 2n-1 on the left side and

2, 4, 6, ... , 2n on the right side from the front to the rear.
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Definition 1: The transfer phase of a leg is the period in

which the foot is not on the ground. The leg state of a leg in

transfer phase is 1.

Definition 2: The support phase of a leg is the period in which

the foot is on the ground. The leg state of a leg in support phase

is 0.

Definition 3: The cycle time, T, is the time for a complete

cycle of a leg locomotion of a periodic gait.

Definition 4: The duty factor, Bi, is the time fraction of a

cycle time in which leg i is in the support phase.

time of support phase of leg i

= cycle time of leg i

Definition 5: The leg phase, Oi, is the fraction of a cycle

period by which the contact of leg i on the ground lags behind the

contact of leg 1.

Definition 6: The leg stride, X, is the distance the center of

gravity translates during one complete locomotion cycle.

Definition 7: The leg stroke, R, is the distance through which

the foot is translated relative to the body during the support phase.

Definition 8: The stroke pitch P, is the distance between the

centers of strokes of the adjacent legs on one side.

Definition 9: The effective body length Lb, of a 2n-legged

animal or walking machine is the distance between the centers of

strokes of the front and the rear pair of legs. If all the stroke

pitches are the same, the body length is %

6°
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Lb = (n-1) P (3.1)

Definition 10: A gait matrix, G, is a n-column matrix whose

successive rows are n binary numbers (0 or 1) corresponding to the

successive leg states of a gait of a n-legged animal or machine, and

the total number of rows is equal to the number of states of the

legs in one cycle of locomotion.

Definition 11: A gait formula, g, for a n-legged animal or

machine is defined as

g~ ~ -= B,2...,'O n ' 02,03,..., n  .

Definition 12: The dimensionless foot position, CXi. Yi), is a

pair of coordinate values which specifies the position of contact

point of leg i. The X-Y coordinate system is chosen so that the origin

is at the center of gravity, the X axis is aligned with the direction

of motion and directed forward and the Y axis is normal to X and

directed toward the right side of the X axis. The scale of the X and

Y axes is chosen so that X = 1.

Definition 13: The dimensionless initial foot position,

(yi.,6), is the value of the pair of coordinates (Xi,Yi) of the

initial contact position of leg i during any locomotion cycle.

Definition 14: The kinematic gait formula, K, for an n-legged

locomotion system is defined as

K2 n1o2.,n, T1' T2""' T n' 61' 62''.n' 02'03'.'"on)"
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Definition 15: An event of a gait is the placing or lifting

of a foot during locomotion. Each event is assiqned a number. For

a n-legged animal or machine, event i and i+n are assigned to the

placing and lifting events of leg i respectively.

A,. Definition 16: A gait is singular if any two or more events

occur simultaneously during a locomotion cycle.

*Definition 17: A regular gait with the same duty for all legs.

i, j=l, 2, ... , n-." 8. 8.g = 8 .
n is the leg number

Definition 18: A gait is symmetric if the motion of the legs of

any right-left pair is exactly half a cycle out of phase.

Definition 19: A support pattern of a animal or a walking

machine is a two dimensional point set in a horizontal plane consisting

of the convex hull of the vertical projection of all foot points in

support phase.

Definition 20: A gait is periodic if similar states of the same

leg during successive strokes occur at the same interval for all legs,

that interval being the cycle time. Otherwise, it is a non-periodic
o,t

gait.

Definition 21: The stability-margin, SM, is the shortest distance

of the vertical projection of center of gravity to the boundaries of

the support pattern in the horizontal plane (see Figure 3.2).

Definition 22: The front stability margin and the rear stability

margin are the distances from the vertical projection of the center of

gravity to the front and rear boundaries of the support pattern,

.%
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respectively, as measured in the direction of motion. The

longitudinal stability margin, SL, is the shorter of these two (see

Figure 3.3).

Definition 23: The longitudinal gait stability margin, S, or the

gait stability margin in brief, for a periodic gait, G, is the minimum

of SL over an entire cycle of locomotion. A gait is staticallX stable

if S > 0. Otherwise, it is statically unstable.

Definition 24: The dimensionless longitudinal gait stability

margin normalized to stride, S*, for a periodic gait, G, implied by

a kinematic gait, K, is defined as

S*(K) = S(K)lX (3.2)

The dimensionless longitudinal gait stability margin normalized to

stroke pitch, S , for the same gait is defined as

S (K) = S(K)/P (3.3)

p

The dimensionless longitudinal gait stability margin normalized to

stroke, Sr, for the same gait is defined as

Sr (K) = S(K)/R (3.4)

S*, S and S car be called dimensionless gait stability margin or
p r

gait stability margins if there is no ambiguity.

Based on the definitions given above, several important theorems

and results of gait analysis have been developed. These theorems

and results are described as follows.
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Support Pattern

d3

SM= Minimum of d1 ,d2 and d4

Figure 3.2: Stability margin SM of a support pattern.

The Rear SL The Front SL

Support Body Motion
Pattern d2  C.G. d,

SL Minimum of d, and d2

Figure 3.3: Longitudinal stability margin SL of a support pattern.
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Theorem 1: McGhee and Frank [27] have proved mathematically

that there is a unique optimal gait which maximizes the static

stability of a four-legged animal. The resultant gait stability

margin S* is

S*= - 3/4 for R <P and 3/4 < < 1 (3.5)

Bessonov and Umnov [29] made an extensive study by numerical

experimentation to examine the gait stability margin of all possible

six legged regular gaits. They discovered that, for a six legged

gait, the gait stability margin is maximized by a regular symmetric

gait defined as

"3-- , 5-2B- 1, 1/2< < 1 (3.6)

From Theorem I and Bessonov's discovery, an interesting fact

was observed, normally that both gaits with optimal stability for four

and six legs are the gaits used by many animals. It seems that animals

automatically optimize their gait for locomotion. Moreover, there is a

* -similarity between these two gaits: the placing of each foot runs from

the rear leg to the front leg along either side as a wave and further,

each pair of legs is 180* out of phase. That is, it is a symmetric

gait. It is also a regular gait. This kind of gait is called the wave.

-. gait. Due to the nature of optimal stability, wave gaits have been

proposed for use in walking machines by many people [29,32,33,34,35].

S Sun (30] discovered by numerical experimentation that the gait

stability margin of a 2n-legged regular symmetric gait is maximized by

a wave gait. The general form of wave gait can be described as

-o .- . . *..***p **.*.. - *
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2m+1= F(mB), m=1,2, .....,n-l, 3/n < 8 < 1 (3.7)

where F(X) is the fractional part of real number X, that is, it is X

modula 1, and m denotes successive legs on the left side numbered

from front to back.

The formula for the gait stability margins of wave gaits for

6-legged animals was not previously found. Sun has developed a

computer program, HSM, to compute the gait stability margin for

regular symmetric gaits [30]. Hence the gait stability margin of

6-legged wave gaits can be calculated by that program. This program

has been modified by the author and further developed into a new

program, HSM2, which stands for Hexapod Stability Margin Version 2.

HSM2 is used as a powerful tool to interactively analyze many different

gaits in the later sections of this thesis. Several useful results

are obtained and a general formula for the gait stability margin of

wave gaits for 2n-legged locomotion system will be derived.

3.2.2 Graphical Methods for Gait Analysis

Several useful graphical methods for gait analysis are presented

in this section. The degree of complexity and the functions of the

methods vary widely. Some of these techniques can only partially

represent a gait, some can fully represent a gait, some can be used to

study the stability margin of a periodic gait and some can be used to

study gaits for obstacle crossing. A designer can choose the proper

method according to his need. One common characteristic of the

graphical methods is that they give a quick understanding and a

-.......... ........ . ....-... .. H
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geometric representation of a gait. This characteristic is not found

in mathematical formulae or computational algorithms. Therefore

graphical methods are helpful in gait analysis and are important on

many occasions such as the optimization of gaits or the study of the

changing of gaits during locomotion.

Motion picture camaras were used by Muybridge (22] to study the

animal locomotion in the 1880's. He conducted a series of experiments

to take sequential photographs of the motion of 25 kinds of animals by

triggering a battery of still cameras. Later, he used the same

technique to study human locomotion. His work is very comprehensive

and useful and is still considered a classical work in the area of

locomotion study.

Footfall formulas were devised by students of legged locomotion

for representing gaits a long time ago 12S]. The animal is viewed from

above as it moves from left to right. Black circles indicate that the

corresponding legs are in the support phase, and the arrows indicate

the direction of motion of the body during the corresponding foot

patterns. Figure 3.4 shows an example of a footfall formula.

The gait diagram was first used by Hildebrand to record the gaits

according to the films of motion pictures (25]. Each horizontal line

is assigned to a leg, and the darkened lines indicate the period of the

support phase. The beginning and end of a darkened line correspond

respectively to the placing and lifting of a foot. This method not only

records the sequence of placing and lifting of different feet, it also
'I

records the duration of the support and transfer phases of each leg.

Hence, it leads to a mathematical analysis of walking gaits.
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Figure 3.4: A footfall formula of a quadruped gait.
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Figure 3.S: A gait diagram of quadruped gait.
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Figure 3.5 shows an example of a gait diagram.

An event sequence is the placing and lifting sequence of a gait.

For a periodic gait, it is convenient to record the sequence on a

circle. The circumference of the circle represents the cycle time and

is generally normalized to be 1. Figure 3.6 shows the event sequence

of a quadruped gait. Events 1,2,3,4 are the placing events and events

5,6,7,8 are the lifting events of legs 1,2,3 and 4,respectively. The

sequence is read in a clockwise sense.

8 6 4

3 4 L

5 7
2"

E=16472538

Figure 3.6: An event sequence of a quadruped.

A successive gait pattern is a series of successive support

patterns of a gait. The dashed rectangles and the darkened dot are

the body of the machine and the vertical projection of the center of

gravity, respectively, at the beginning of the support pattern. The

arrow indicates the position of the projection at the end of that

pattern. Figure 3.7 shows an example of a successive gait pattern
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Time Sequence

2 4

tiI

1 35
2 6

t2

13 5
4 6

t3

13 s
2 4 6

t4

1 3
2 4 6

t5 I 5

1 5

Figure 3.7: A successive gait pattern.
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The stationary gait pattern was first used by the author to study

the gait stability margin of periodic gaits. It is drawn according to

the gait diagram. This method is -very useful because it shows the

support patterns at different times and the corresponding body motion

for each support pattern in one single diagram. The stability margin

of a gait can be calculated directly from the diagram. Figure 3.8 is

an example of a stationary gait pattern.

|R R
109 8 7 6 5 4 3 2 1 0 11109 8 7 615 4 3 2 1 0

I 4-. ,t'Z - \ -\ , /., I

43 2 1 0 11 0 98765432 0 11 0 9 876

Figure 3.8: A stationary gait pattern of a quadruped gait.

The lateral motion sequence is the successive lateral views

of a walking machine during motion (see Figure 3.9). The dashed

rectangles indicate the walking envelopes of the legs. That is, any

point in a rectangle is accessible to the foot of the corresponding

leg. The darkened dot is the center of gravity. The arrow points to

p-.. "
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the end position of the center of gravity in the current leg pattern.

This method is very useful in studying obstacle crossing. If the

corresponding support patterns are also shown, the stability at each

instant can be visualized.

Computer-aided graphical methods have been used to simulate the

locomotion of a walking machine during the last decade. Both two and

three dimensional pictures can be generated on the screen. A

corresponding support pattern with the projection of the center of

gravity is shown on the top of the machine to indicate the stability

at each instant. The machine can be animated to aid in understanding

of the gait.

3.3 Gait Selection for a Walking Machine

The gait selection problem depends on the following factors:

condition of the terrain, stability requirements, ease of control,

smoothness of body motion, speed requirements, mobility requirements

and power requirements. Although this is a very complicated problem

and needs further research and more practical experiments for a fuller

understanding, a general guideline can be developed and is described

below.

Since the gait selection is very dependent on the condition of the

terrain, it is helpful to define the terrain conditions before the gait

selection is studied. As mentioned in Section 3.1.1, level ground can

be divided into many discrete cells. Each cell is about the size of a

footprint, and can be classified into either a permitted cell if it is

suitable for foot bearing or a forbidden cell if it is not. This

.. .. ... -m.,,m m-- .,msmmm~m m miimmm .....
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concept can be extended to a three dimensional terrain as follows:

A forbidden cell is a place on the terrain which is not suitable for

the placing of a foot due to weak soil structure, steep slope, inter-

ference between terrain and legs or any other reasons.

Based on this concept, any terrain can be roughly catagorized into

one of the following three types. One is called perfect terrain, in

which no forbidden cell exists in the planned pathway. The second is

called fair terrain, in which a few forbidden cells exist in the

pathway; the human operator can avoid them by simple maneuvering of the

machine or the machine can negotiate the terrain automatically using

the terrain scanner and a free gait algorithm. The third is called

rough terrain, in which many forbidden cells exist in the pathway.

The human operator has to carefully select a few permitted cells for

the placement of the feet.

According to Definition 20, gaits are of two types: periodic and

non-periodic. In general, periodic gaits are preferable because they

are easy to be implemented into a computer program.

If the terrain is a perfect terrain, a periodic gait should be

used. Among the many periodic gaits, wave gaits give the optimal gait

stability. The wave gait is also the gait used by many animals. Equal

phase (EPH) gaits can equally distribute the placing and lifting events

in a locomotion cycle. Hence, fluctuations in power consumption are

minimized. When the power system of a walking machine is sensitive to

peaks of instantaneous power consumption, EPH gaits should be applied.

For both wave gaits and EPH gaits, the sequence of placing events of

the legs on each side runs from the rear leg and proceeds forward to

* 2.. . * . . . . . - * -.. .. - - . -a-°-a.. . o. '
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the front leg. Therefore, they are in the catagory of forward periodic

gaits. If the sequence of placing events is reversed, they become

backward periodic gaits. For a backward gait, the front leg is placed

first, the middle leg follows, and finally the rear leg. This kind of

placing sequence is recommended for a discontinuous follow-the-leader

gait which will be discussed shortly. Backward periodic gaits can also

be used in perfect terrain. However, the main interest in the backward

periodic gait is the possibility that it can be modified into a

follow-the-leader gait.

If the terrain is a rough terrain, a periodic gait can not be used

because it lacks the ability to locate the feet exactly on the few

permitted cells. Therefore, a non-periodic gait has to be used.

Among the many non-periodic gaits, the most basic is the precision

footing gait in which the human operator controls the body motion and

individual leg motion through a precision footing mode. However, due

to the heavy demands on the human operator, precision footing gaits

should be used only when no other gaits are suitable for the terrain

condition. If there are some large obstacles in the path way, a

large obstacle gait (LOG) should be used. LOGs are specifically

designed for different large obstacles. For some obstacles such as a

typical ditch, LOG may be fully automated. For the other obstacles,

LOG may be generated through a precision footing mode. If there are

no large obstacles in the way, a follow-the-leader (FTL) gait should

be used. In an FTL gait, the human operator selects only the locations

for the two front legs, the computer program then automatically

places the middle legs on the exact place where the front legs

......................................................
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were, then the rear legs on the exact place where the middle legs

were. Thus, FTL gaits can guarantee all the legs are placed on the %

permitted cells during locomotion. An FTL gait can be either non-

periodic or periodic. A non-periodic FTL gait generates discontinuous

body motion and is also called a discontinuous FTL gait. On the con-

trary, a periodiL FTL gait generates continuous body motion and can

reach higher speed, and is called continuous FTL gait. If the rough

terrain has only a few permitted cells, a discontinuous FT gait is

suitable. If more permitted cells exist, a continuous FTL gait or a

free gait should be applied.

If the terrain is a fair terrain, that is, only a few forbidden

cells exist in the pathway, the continuous FTL gaits should be used

because it can avoid these forbidden cells and maintain smooth body

motion. Other periodic gaits, such as wave gaits, EPH gaits and

backward periodic gaits, can also be used if they are subject to

adjustment by the system in response to data from the terrain scanner.

This adjustment mainly consists of placing the feet ahead, behind, to

the right of or to the left of the original footholds. If a forbidden

region is detected by the system, the computer would adjust the legs

according to a pre-programmed implemented strategy to avoid the

forbidden region while maintaining the periodic feature of the gait.

This is called the dexterous periodic gait. The strategy used by a

dexterous periodic gait to avoid a forbidden region is very similar to

the strategy used by the continuous FTL gait. Another option for fair

terrain is the free gait.

. - S S S S0S
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A chart to summarize the principle of gait selection is shown in

Table 3.1. The relationship among all the gaits discussed above is

shown in Figure 3.10.

The speed of a walking machine usually affects gait stability. If

the speed is increased, the cycle time of the gait is decreased, thus,

leg speed in the support phase and return phase is increased. When

the return speed of the legs reaches the maximum speed of the actuating

system, the duty factor is decreased in order to maintain speed. Hence,

gait stability is decreased.

3.4 Gaits for Level Walking

In this section gaits for level walking in perfect terrain, fair

terrain and rough terrain are studied in detail. Wave gaits, equal

phase gaits and backward periodic gaits are covered in Sections 3.4.1,

3.4.2 and 3.4.3 respectively. All of these three gaits can be used for

the walking in a perfect terrain. Wave gaits are important for the

ASV because of their optimal gait stability. A complete analysis of

the gait stability margin and of various effects on the gait stability

* margin by varying the stroke and the stroke pitch is given. In the

study of equal phase gaits and backward periodic gaits emphasis is

placed on the matter of equally distributing events and on the backward

stepping sequence respectively. On many occasions, program HSM2 is

applied to study the relationship of gait stability margin, and the

duty factor.

Discontinuous FTL gait is discussed in Section 3.4.4. A general

approach to generation of a discontinuous FTL gait is developed. This
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gait is suitable for rough terrain.

Continuous FTL gait is studied in Section 3.4.5. A periodic gait

with the nature of FTL gait is dis-cussed first, methods to modify it

into a continuous FTL gait are then introduced. Strategies for a

continuous FTL gait to pass over different forbidden regions are also

introduced. The methods used to modify a periodic gait into a

dexterous gait are discussed in principle. The continuous FTL gait

is suitable for rough terrain with many permitted cells and for fair

terrain, while the dexterous periodic gait is only good for fair

terrain.

3.4.1 Wave Gaits

In Section 3.2, the mathematical expression of a wave gait for a

2n-legged animal or machine is quoted as:

2m+1= F(m$), m = 1,2,...,n-I and I > a > 3/n

where F(X) is the fractional part of real number X, and m denotes

succesive legs after leg 1 on the left side number from front to back.

From this definition, wave gaits for four, six, and eight legged

animals and machines are shown as follows:

2n =4, 3 > 3/4 (3.8)

2n = 6, 3 = 8, 05 = 2a-1, a > 1/2 (3.9)

9-

2n = 8, 3 = 8, c = 2B-1, 47 = F(3), a > 3/8 (3.10)

2 8 0
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From Theorem 1, the gait stability margin of four legged gait is

maximized by a wave gait. The formula for the gait stability margin

is

= B 3/4, B> 3/4 and R < P (3.11)

Unlike the case of a four legged wave gait, the equation for the gait

stability margin of a 6-legged wave gait was not previously derived.

Since the equation for a 4-legged wave gait is very simple, and since

wave gaits are very important for the ASV because of their optimal

stability margin, it is desirable to find a formula to calculate the

gait stability margin of 6-legged wave gaits or, more generally, for

2n-legged wave gaits.

Both graphical methods and analytical methods can be applied to

derive such an equation. The results of these two methods are

consistant. Since the analytical method provides a good foundation in

mathematics, and the equations derived from it are more general, a

complete analytical derivation is given below. The graphical approach

is also noteworthy and can be applied to other gaits for which the

analytical method is not available. This approach is detailed in

Appendix A. Figure 3.11 shows the gait diagrams of wave gaits for

several duty factors.

Definition 25: A fractional function F(X) of a real number X is

defined as follows

If X > 0, Y =the fractional part of X

If X < 0, Y 1 the fractional part of -X
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According to the definition of F(X), the following rules of F(X) can

be established.

F(F(X)) = F(X) (3.12)

F(-X) = 1 - F(X) (3.13)

F(N + X) = F(M + X), N and M are integer (3.14)

F(A + F(B)) : E(A + B) (3.15)

Definition 26: The phase of leg i relative to leg j, i-P is

the time phase of the placing of leg i after the placing of leg j. When

leg j is the left rear leg, the phase of leg i relative to the left rear

leg is called the negative phase and is denoted as 4".

-(3.16)

Definition 27: A local phase, L4i of leg i is the time phase of

the current leg position after the placing of the leg. If the t.me phase

after the placing of leg j is t, the local phase of leg i can be

calculated as

LO. =F(t - ) (3.17) A
1 -J

Definition 28: A constant phase increment gait is a gait which

has the same phase difference for successive legs on the same side.

Theorem 2: For a periodic, regular and symmetric gait of a

2n-legged walking machine, any support pattern has a mirror symmetric

support pattern about the longitudinal axis of the body in one

, . .. '* ., . . . . . VJ'~ ' *'
*. ,. ... *.*•.. . . . . . .,-,~

F . . .. . . . . . . . . . . . . - . .
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locomotion cycle. The time phase between eacli pair of symmetric

support patterns is 1/2.

Proof: Let the gait have arbitrary phases X, where n denotes the

leg number of the legs on the left side as

=0

03 x 3

42n-l = 2 -

From the definition of the symmetric gait, the phases of the legs on

the right side are

=1/2

4 ~ + X31

02n =F[1/2 + X 2n-1

Atay time phase 5,P 0 < t,< 0, the local phases of all legs become

L03 =F(t 1  X33

LO2- F[t 1 - X2 1]
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LO = F[t 112]L2 . 1/2

L4 = F(tI -1/2- X3]

LO F(t - 1/2 - X2nl]

Since the velocity of the vehicle is R/i, the leg is moving with speed

-R/$ relative to the body. The position of each leg, Pn- relative to

the center of the stroke becomes

P1  R/2 - t RB

P3  R/2 - F[t I - X3 ] •

P2n-I R/2 - F[t I - Xn] * R/-

%" P2 ~= R/2 - FR1I - 1/23 • I*.

P4 = R/2 - F1t - 172 - X1] * R/$

2nPn R/2 - F[t 1 -1/2 - X~n1 R/

After a half cycle of locomotion, the time phase t' becomes tI  1/2.

Substitute t! into t, in the above equations to find the new positions

of each leg PI relative to the center of the stroke.n

P I R/2 - F(t + 1/2] R/-

a.

•rllt "m-.-# .I. --ow ~'.".".. . ................ .. .-- ... 0 . - .......... . . . . •t"'-Y-"]" - -:"' 0'- . *t k- ,'. .-",:" :"- - - '".-.-.., : :.--':.:.: ,.- -- .:. -:..:.--:----:.-
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P1 R/2-F(t 1  1/2 X 3] /

P2n- 1 =R/2 F 1 1/2 X X2n 1 1 R/

2I R/2 t1  R/a

P4 R/2 - F[t, - 1 - 3 R/

P2n =R/2 -F(t 1 I- 2n-1] R/a

Comparing the new positions P' to the old positions Pn and applying
nn

the rules of fractional function shows

P, P1 2

P, P3 4

in-1 P2n

2, 1

4 P3

2n 2n-1

'71.
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This means that, after half a cycle, the foot positions of the left

side become the foot positions of the right and vice versa. Thus, the

support patterns of the second half cycle are symmetric to the support

patterns of the first half cycle along the longitudinal axis of the

body. In other words, after a half cycle, the support patterns are the

mirror images of those of the first half cycle along the longitudinal

axis. This completes the proof.

Theorem 3: For a periodic, regular and constant phase increment

gait of a 2n-legged walking machine, any support pattern has a

symmetric support pattern along the lateral axis of the body, which goes

through the center of the body and is perpendicular to the longitudinal

axis, in one locomotion cycle. The time phase from a support pattern

to its mirror image is

At = 8 - F[2t - (n-l) • (l-X)] (3.18)

where t is the time phase of the support pattern and X is the constant

phase increment.

Proof: Let the phases of successive legs on either side be incremented

by a constant X, 0 < X < 1, and the leg on the right side have an

arbitrary phase difference Y relative to the corresponding leg on the

left side. At any time phase t, 0 < t < 8, the local phases of each

leg become

= t

L43 = F(t-X]

......................
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L2 = F[t - (n-2) * X]
2n- 3

L4 2 1  F[t (n-i) X]

L402 - t - Y

L =4 Fit - Y - X]

LO 2 2 = F[t - Y - (n-2) * X]
2n-2

LO 2n = F[t -Y - (n-i) * X]

Let the direction of the body motion be the positive direction. If

the stroke is 1, the velocity of the vehicle is 1/8 and the legs on

the ground are moving at speed -1/$ relative to the body. The position

- of each leg P relative to the center of the stroke is

P1 = 1/2 - t/8 -

P3 = 1/2 - F[t - X]/

P2- 1/2 Ft- (n-2) *X]/8

P2n-l = 1/2 - F[t - (n-1) • X]/

P2  = 1/2 - F[t - Y]/$

P4 = 1/2 - F[t - Y - X]/-
"° ""4
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P 2n-2 =1/2- F[t -Y -(n-2)

Referring to Figure 3.12, the time phase for leg 1 and leg 2n-1 to move

to the corresponding center of the stroke are t and tb respectively.

a P= $ /2 -t

tb P2- 0/~2 F[t (n-i) *X]

The time phase for leg 1 to move to a position which is the mirror

image of the position of leg 2n-1 along the lateral axis is

t a tb 8~t -F(t -(n-1). X]

8-F(2t -(n-1) X]

The local phase of leg 1 at this position is -

=i t 4.t + t 0 = n-) Xa b Ft(n)X

By substituting t' for t, the new foot positions of each leg PI atn

time phase t' become

P! 1/2 -1 *Fft -(n-i) X]/O

=-1/2+ F~t -(n-1) X]/
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P= 1/2 - F(f - F[t - (n-)• X] - XI/-

a 1/2 - 1 + F(t - (n-2) * X]/$

= -1/2 + F[t - (n-2) •X/B

P2n-3 1/2 - FfB - Fft - (n-i) * X] - (n-2) • X}/a

= 1/2 - 1 + F[t - X]/$

= -1/2 + F[t - X]/B

P2n-1- 1/2 - F( - Ft - (n-i) • X] - (n-1) * X".

= ~~1/2 - 1 +il .

-/21+ t/
"-...= -12 * jIp

PI 1/2 - 1 + F[t Y - (n-). X]/5

= -1/2 + F~t -Y - (n-) X]/

Pt 1/2 -F{- F[t - (n-1) X] - Y - XI/B

= 1/2- 1 + F[t - Y - (n-2) X]/$

- -1/2 F[t - Y - (n-2) •X]1

Y.%

4 6'
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P2n-2

1/2-1 + F(t - Y - X/

=-1/2 + F~t -Y X]/

-1/2-1. F~t Y]1/5

-- 1/2. Fft -l/

Comparing these positions P' to the original positions P~ givesnn

1! =-2n-1

P= -p2n-3

2n-3 3

P2n-1 _1

=4 -'2n-2

-P-

p2n 2
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This indicates that the support pattern at time phase t' is symmetri-

cally related to the support pattern at time phase t about the

lateral body axis, and the time interval between these two symmetric

support patterns is ta + tb. This completes the proof.

Theorem 4: If a 2n-legged animal or walking machine walks in a

wave gait and 1/2 < 8, during the transfer phase of a rear leg, the

two legs nearest to this rear leg are always on the ground.

Proof: The phase difference of successive legs of a wave gait is 8;

The negative phase difference of successive legs is 1 - B. At the time

of lifting of a rear leg, the local phase of this leg is a. The local

phase of the leg ahead of it is 8 - (1-B) = 28 - 1. The local phase of

the leg on the other side is 8 - 1/2. Since 1 > 8 > 1/2, this gives

1 + B > 28 and 8 > 28 - 1

which indicates the leg ahead of it is on the ground and

1/2 > 6 - 1/2 and 8 > 8 - 1/2

which indicates the corresponding leg on the opposite side of the

vehicle is on the ground.

At the time of placing of the same leg, the local phase of the leg

ahead of it becomes 20 - 1 + (1-a) = a. This indicates that this leg

is on the ground and is being lifted. The leg on the opposite side has

a local phase of 8 - 1/2 + (1-$) = 1/2. Since B > 1/2, this leg is on

the ground. Therefore, at the time of lifting and placing of a rear

leg, the legs ahead of it and on the opposite side of the vehicle are on

the ground. Since the length of the transfer phase is 1 - 8 < 1/2, no

= .',o- .-.-.. o. .. , *. .. *.. ..... ....-.. ,... € -..* . -. .. .. . , 2- ' - : . .... ,- - , . . .. ..................................................... . ..............,... ..-... :.. ...
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other leg can be both lifted and placed during the transfer phase. This

indicates that these two nearest legs are always on the ground during

the transfer phase of a rear leg. This completes the proof.

Theorem 5: For a 2n-legged animal or walking machine, the

longitudinal gait stability margin of a wave gait is

S = (n/2 - 1) * P + (1 - 31(4a)) * R R < P, 1/2 < 0 < 1 (3.19)

where P is the stroke pitch and R is the stroke. If R = P, the

dimensionless longitudinal gait stability margin normalized to the

stride becomes -

S*= (n/2) B-3/4 R P, 1/2 < < 1 (3.20)

Proof: A wave gait is a periodic regular symmetric gait. From Theorem

2, the support patterns of the first half cycle and of-the second half

cycle are symmetric about the longitudinal body axis. It is sufficient

to study the longitudinal stability margin for a half cycle. A wave

gait is also constant phase incremented. From Theorem 3, the support

patterns are symmetric along the lateral body axis. The minimal longi-

tudinal stability margin in the forward direction, the minimal front SL,

is the same as that in the backward direction, the minimal rear SL.

Hence, it is sufficient to study the minimal rear SL in a half cycle.

From Theorem 4, during the time of one rear leg is lifted, the leg

ahead of it and the leg opposite it are always on the ground. Therefore,

the rear boundary of the support pattern always is defined by either

these two legs on the ground or the two rear legs. Since R < P, the

footprint of the rear leg on the ground is always behind the footprint

%p

i.C
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of the leg ahead of it. Hence, the minimal rear SL is determined by

the first kind of boundary, that is, the rear boundary during the

transfer phase of the rear leg. The minimal rear SL happens at the

moment of the lifting of the rear leg since the center of gravity is

moving forward away from the rear boundary of the support pattern. At

the moment rear leg 2n-1 is lifted, the local phase of the leg ahead of

it, leg 2n-3, is - (1-B) = 28 - 1. The local phase of the opposite

leg, 2n, is 8 - 1/2. At the moment a leg is placed, the rear leg is at

a distance ((n-l)/2) • P - R/2 behind the center of gravity, and the leg

ahead of the leg is at ((n-3)/2) • P - R/2 behind the center of gravity.

Since the velocity of the body is R/B. the leg is moving at

velocity -R/B relative to the body during its contact phase. Taking

the direction of motion of the body to be positive, the positions of

legs 2n-3 and 2n at the time leg 2n-1 is lifted can be computed as

"2n-3 = -((n-3)/2) * P + R/2 - (R/$) * (28-1)
P~n-3

P2n -((n-l)/2) • P R/2 - (R/B) • C - 1/2)

The minimal longitudinal stability margin is defined as

S = (P2n-3 2n)/ 2 "

Hence,

S Cn/2 1) P+ (1 3/(4B)) R

If P = R, the dimensionless longitudinal stability margin normalized

to the stride can be obtained by dividing Equation (3.19) by R/8

........ ... .. . .. . ..nm ... . .. ..... . . . ,
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S*= (n/2 - 1) • + (I - 3/(46)) * 8

= (n/2) 3 8 - 3/4

This completes the proof.

The program HSM2 is used to study the gait stability margin of

hexapod wave gaits. The result is shown in Figure 3.13. This result is

consistent with Equation (3.20). The direct effect of varying R can be

observed from Equation (3.19). The second term is negative for 8 < 3/4

and is positive for 8 > 3/4. Hence, for B < 3/4, reducing R increases

stability. For 8 > 3/4, reducing R decreases stability. Thus, for

8 < 3/4, the maximal gait stability margin is

Smax = (n/2 - 1) • P for8 > 3/4 (3.21)

For 8 > 3/4, the maximal gait stability margin is

S = (n/2 - 1) P + (1 - 3/(4$)) • R for B > 3/4 (3.22)max 0

where R is the maximal possible value of R and R < P. In the firstof

these two cases, the maximal stability situation is a singular one in

which R = 0 and the vehicle cannot, in fact move. For any R > 0, no

matter how small, the vehicle can move at a speed determined by the

stepping frequency. It is a similar type of singular situation to that

encountered when maximizing stability by varying 8. When 8 1,

stability is maximized but the vehicle can no longer move.

Theorem 5 only covers the case in which R < P. For the case in

which R > P, the situation is more complicated because the moment of

lifting of a rear leg is not always the moment of minimal stability

* %.~.*..~ '..-.. . . . . . . . . . . . . . .. ,,
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margin. The following theorem deals with the case of overstride

(R > P).

Theorem 6: For a 2n-legged animal or walking machine with

R > P, the longitudinal gait stability margin of a wave gait with

1/2 < < I is the lesser of S and S where

SI  (n/2 -) P + (1- 3/(4)) • R (3.23)

S2  (n/2 - 1/2) * P + (1/(4$) - 1/2) - R (3.24)

Proof: Since a wave gait is a periodic regular symmetric and constant

phase increment gait, it is sufficient to study the rear minimal SL in

half a cycle. A half cycle can be considered from the lifting of one

rear leg 2n-1 to the lifting of the other rear leg 2n. According to

Theorem 3, when leg 2n-1 is in transfer phase, the two nearest legs 2n-3

and 2n are always on the ground. During this period the rear boundary

is composed of legs 2n-3 and 2n, and the case of worst stability is at

the moment of lifting of leg 2n-1 since the center of gravity is always

moving away from the rear boundary.

At the moment leg 2n-I is placed, the local phases of legs 2n-3

and 2n are 20 - 1 + 1 - 0 and 0 - 1/2 + I - 0 w 1/2 respectively. .-

Hence leg 2n-3 is being lifted and leg 2n is on the ground. Therefore,

between the placing of leg 2n-I and the lifting of leg 2n, the rear ...

boundary is composed of legs 2n-I and 2n, and the case of worst

stability occurs at the moment the leg 2n-i is placed.

Hence, the lesser of the rear SL at these two instants of worst

stability is the minimal rear SL during a half cycle, and it is also the

,-_'.% -
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longitudinal gait stability margin in one cycle. The minimal rear SL

at the first instant of worst stability, SI can be calculated as in

Theorem 5.

S1  (n/2 1 ) *P + (0-3/(4$)) *R

The positions of leg 2n-1 and 2n at the second instant of worst

stability are

P2n-l = -(n/2 - 1/2) • p + R/2

P 2n = -(n/2 - 1/2) • p - P,/(2$) + R/2

The minimal rear SL at this time becomes

S2 = "[2n-1 + r2n) / 2

- (n/2 , 1/2) • P + (11(48) - 1/2) • R

Therefore, the longitudinal gait stability margin is the lesser of

--- S1 and S This completes the proof.

As a matter of face, Theorem 6 also covers the case of R < P.

*2 - In which case, S1 is always less than S2 . This can be seen as follows.

• Substracting S1 from S2 gives

AS=S 2 -S 1  P/2 + (1/- 3/2) eR (3.25)

Since 1/2 < B < 1, -1/2 < 1/8 -3/2 < 1/2. If R < P, AS > 0 always.

Therefore, the gait stability margin is determined by S1 always, which

....- is Theorem 6.

.4o o
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The effects on gait stability margin by reducing the stroke R has

been discussed before. For B < 3/4, increasing R would increase S

For 8 > 3/4, increasing R would decrease S1.

For the case of $2, since the second term is always less than

-' zero in the range of 1/2 < $ < 1, increasing R always decreases S

With these facts in mind, many other effects on gait stability margin

of varying R can be observed from Equation (3.25).

For 8 < 2/3, AS = P/2 > 0. The gait stability is determined by

S1 always. Therefore, increasing R would decrease gait stability.

For 2/3 < 8 < 3/4, the condition of AS > 0 is (1/6 - 3/2) - R >

-P/2. Since 1/B - 2/3 is negative in the assigned range of 5, dividing

both sides by 1/$ - 2/3 would change the direction of the inequality

and give

R/P < W/(30 - 2) for AS > 0 (3.26) 'f.

Therefore, the gait stability margin is determined by SI . Increasing R

would decrease the gait stability. If R/P > B/(3$ - 2), the gait

stability is determined by S2 and increasing R would decrease gait r

stability.

For 8 s 3/4, the gait stability margin is determined by S1 if

R/P < 3. That is, the gait stability margin is constant for varying R.

If R/P > 3, the gait stability margin is determined by $2, and increas-

ing R would decrease the gait stability.

ft For a > 3/4, the gait stability margin is determined by SI if
'- ft

R/P < /(3$ - 2), and increasing R would increase the gait stability. If

R/P > $/(3$ - 2), the gait stability margin is determined by S2, and
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increasing R would decrease the gait stability. Table 3.2 is a

suunary of all the cases discussed above.

A different approach to study of the effects on gait stability

margin of varying R for four and six legged wave gaits using graphical

methods is also worked out independently, and the results are shown

in Figure 3.14. By comparing Figure 3.14 to the results in Table 3.2,

it is found that both results are consistent and the results obtained

*from the graphical approach are a subset of the analytical results.

The graphical method is described in Appendix B.

Up to this point, P is regarded as fixed. However, if R < R

it is possible to shift the center of the stroke, effectively changing

stability. The following theorem states this fact.

Theorem 7: For a 2n-legged animal or walking machine and

1/2 < 8 < 1, the maximal longitudinal gait stability margin of a wave

gait obtained by shifting the centers of the strokes is.,.

maS = (n/2 - 1) .P + (1- 3/(40)) R + K(n) CR° -R)/4••max0

where K(n) = 0 for n a 2
(3.27)

= I for n 3 3

.2 for n > 4

and R is the maximal possible value of R, P is the original stroke

pitch and R < P.

Proof: Since R < P, the gait stability margin before any shifting of

the center of stroke is defined by Equation (3.19). It has been shown

in the proof of Theorem 5 that the case of minimal stability margin

1..

.-
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is at the moment of lifting of a rear leg. From Theorem 4, the rear

boundary is composed of the two nearest legs to the lifting leg, that

is, one leg ahead of it and the other rear leg. If the positions of

these two legs are changed, the gait stability margin is also changed.

The change of gait stability margin is the average of the changes of

these two leg positions.

The center of stroke of each leg pair can be shifted outward

(away from the center of gravity) except for those of any pair aligned

with the center of gravity. Since the boundary of minimal stability

margin depends on only the last two leg pairs (also the two leg pairs

nearest the front by symmetry), only shifting of these legs affects

the gait stability. Therefore, the maximal gain of stability margin

by shifting the centers of stroke is to shift those leg pairs with the

maximal value. The maximal possible value of this shift is

(R R)/2.
0

For the case of a four legged wave gait, both leg pairs have to

be shifted simultaneously in opposite directions because of symmetry.

Thus the two legs which define the rear boundary are also shifted in

opposite directions through the same distance. The stability margin

remains the same. Hence K(2) = 0.

For the case of a six legged wave gait, the middle leg pair can

not be shifted because it is aligned with the center of gravity. Thus

only the rear leg is shifted bacy by (R- R)/2, and the stability
0

margin is increased by (Ro - R)/4. Hence K(3) = 1.I0

For the case of eight and more legged wave gait, the last two

leg pairs and the front two leg pairs can be shifted away from the

-Apt
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center of gravity by the maximal amount. After shifting, the stroke ii
pitches in between the four extreme leg pairs may change, they do not . -

affect the gait stability. Therefore, the stability is increased by

the distance of (R - R)/2. Hence, K(n) = 2 for n > 4. Addition of
0

the increased stability margin to Equation (3.19) results in Equation

(3.27). This compleges the proof.

This effect strengthens the stabilizing effect of shortening

the stroke for 8 < 3/4 and n > 2 provided the center of stroke is,

at the same time, appropriately displaced. It also masks the

destabilizing effect of shortening stroke when 8 > 3/4 since

1/4 > (1 - 3/(4B)). Hence, stability can be increased by shortening

stroke for all duty factors for n > 3. In the four legged case,

however, stability is always decreased by shortening stroke for

8 > 3/4. The maximal gait stability margin for the singular case

R 20 is

Smax = (n/2- 1) ° P + K(n) R R/4 (3.28)

3.4.2 Equal Phase Gaits (EPH Gaits)

Equal phase gaits are useful when it is vital to distribute

power consumption as evenly as possible over a cycle. A possible

arrangement of a hydraulic system for the ASV is described as follows.

There are three central hydraulic pumps to supply all eighteen actuators

on the six legs. The first is for the all six main drive actuators

(main actuators in brief). The second is for the all six lifting

actuators. The third is for the all six abduction and adduction,

o*
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or lateral leg swing, actuators (lateral actuators in brief). The

functions of these actuators are shown schematically in Figure 3.15.

The main actuator and the lifting actuator move the feet in a hori-

zontal direction and in a vertical direction independently. The lateral

actuator moves the feet inward and outward on a circular arc.

In a straight line locomotion, the main actuator moves the feet

backward (relative to the direction of the body motion) when the leg

is in the support phase, and it moves the feet forward when the leg is

in the transfer phase. The maximal foot velocity in the transfer

phase should be greater than that in the support phase since it takes

some time to decelerate and accelerate the feet in the reverse

direction after lifting, and then to move the feet to their forward

positions and hold them there for a short time before placing them.

At this short time, the foot is still moving relative to the body since

foot velocity should be zero relative to the ground. Hence, the main

actuator is always moving during locomotion. The sum of the flow

rates of all six main actuators depends on the numbers of leg in

support phase and in transfer phase, In a wave gait, these numbers

are constant for some duty factors and vary reciprocally with one leg

shifts from support phase to transfer phase and back to support phase

for the other duty factors. Hence, the sum of flow rate in main

drive system is approximately constant.

However, this is not true of the sum of flow rates in the

lifting system. In transfer phase, the foot has to be lifted up

quickly to move back to the front in a raised position in order to

S.. * ** 5 P . . . .* * . ." * *.*2"J". .** ' ~ '
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*" avoid any obstacles, then is put down quickly to complete the transfer

phase. Thus, there are two peak of flow rate for each leg in one

locomotion cycle. If a wave gait with 8 = 0.5 is used for locomotion,

all the three placing events and the three lifting events happen at

the same time. An extremely high peak flow rate is required in the

lifting system. As a result, either a very large pump or a very large

hydraulic accumulator is needed to supply this high instantaneous

flow. Either strategy will increase the weight of the system

significantly. A way to avoid t..e problem is to use an equal phase

gait allowing use of a hydraulic system with a smaller instantaneous

flow capacity. An equal phase gait will equally distribute the placing

events and the lifting events in a locomotion cycle. Hence, the

extreme high peak of system flow is diminished.

The third actuator, the lateral actuator, is usually locked

during straight line locomotion and only needs limited flow for

turning. It does not create high peaks of flow in its supply system.

Sincean EPH gait is both regular and symmetric, if the placing

events are equally distributed in one locomotion cycle, the lifting

events are also equally distributed, and if the placing events of the

legs on one side is equally distributed, the placing events of the legs

on the other side are also equally distributed. Therefore, it is

- sufficient to study the placing events on the left side only.

There are two methods to equally distribute the placing events

in a locomotion cycle. The first is to equally distribute the placing

events of the legs on one side in a half cycle. Due to the symmetry

of the gait, the placing events of the legs on the other side would

P° .". .
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be equally distributed in the other half cycle. Thus, all the placing

events are equally distributed in a full cycle. This is a half

cycle EPH gait. The second is to equally distribute the placing

events on one side over a full cycle. The placing events of all legs

would be equally distributed in a full cycle only if the number of leg

pairs is odd. This is a full cycle EPH gait. These two kinds of EPH

gaits of a 2n-legged walking machine can be described mathematically

as follows.

For a half cycle EPH gait

"2m+l 1 - m/(2n) m = 1,2,...,n-1 (3.29)

For a fully cycle EPH gait

-2m+l = 1 - m/n m = 1,2,...,n-I and n is odd (3.30)

where m denotes successive legs after leg 1 on the left side numbered

from front to rear.

For a hexapod, the phase difference is 1/6 or 600 for a half

cycle EPH gait and 1/3 or 1200 for a full cycle EPH gait. Figure

3.16 shows the gait disgrams of EPH gaits of both kinds for various

duty factors. Several important features of EPH gait can be observed

from the diagrams. The full cycle EPH gait at 8 = 2/3 and the half

cycle EPH gait at 8 = 5/6 are identical to the wave gait with the same

duty factor. At 3/4, both placing events and lifting events

together are equally distributed in a cycle. The phase difference

between any two events is 1/12 or 30*. An EPH gait of this nature is

called a complete EPH gait.

7-..



85

I 2 3 4 5 6 7 8 9 10 II 0 I 2 3 4 5 6 7 8 9 10 II 0

--- - -
4 44

5 .5

2 2"
4 4.t- 4

% 2 %

-"6 6=,.

igu31 Gt d

-- - I- 1

-- - 4

I6-

, Figure 3.16: Gait diagrams of EPH gaits. -

~ %.% VV.... . . -

m' 'l - Ip # - * '. *>****• . * . .. . *• .'.*. .~s. . '.'. ......... . . . . o.



86

Ok-I

Uc

Cu

cc
20!.

__ is

U) __ '4.1



87

Figure 3.17 whows the computer result of the relationship between

the gait stability margin of both kinds of EPH gait and the duty

factor. For the full cycle EPH gait, there is a discontinuity at

8 = 2/3 where the gait stability margin jumps up to that of a wave

gait. The reason for this jump can be seen in the following theorem,

or by observing the stationary gait patterns. When $ < 2/3, the minimal

SL occurs at the moment of the lifting of a middle leg. When

2/3 < 8 < 1, the minimal SL occurs at the moment of the lifting of

a rear leg.

For the half cycle EPH gait, there are two discontinuities at

8 = 2/3 and 5/6 respectively. At 8 = 2/3, the stability margin

jumps from an unstable value to Sr = 1/8. At = 5/6, the stability

jumps to that of wave gait. From the gait diagram of 8 = 1/2 in

Figure 3.16, in the period between the lifting of leg 1 and the

placing of leg 5, there is no leg on left side is on the ground.

This instability does not diminish until the duty factor is increased

to 2/3. The second dincontinuity at S = 5/6 occurs for the same

reason of that of a full cycle EPH gait. That is, when 2/3 < 8 < 5/6,

the minimal SL occurs at the moment a middle leg is lifted. When

5/6 < $ < 1, it occurs at the moment a rear leg is lifted.

According to Theorem 3, for any periodic, constant phase increment

gait, the support pattern is symmetric about the lateral body axis.

Therefore, it is sufficient to study the minimal rear SL for gait

stability margin. In the case of a wave gait, the minimal rear SL

always occurs at the moment a rear leg is lifted. In the case of

other gaits, such as EPH gaits, the calculation of the minimal SL

lea:°
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is not that simple. A rule for the calculation of the minimal rear

SL is described as follows. r

Rule for the calculation of the gait stability margin: Any

lifting and/or placing of the legs which are inside, rather than on

the two boundaries of, the current support pattern do not change the

support pattern. Therefore, they do not affect the SL. Any placing

of the leg which is behind the rear boundary would increase the rear

SL. Any lifting of the leg which is on the rear boundary would

reduce the rear SL. In other words, such a leg is being lifted at

a time when there is no leg on the same side behind it on the ground.

The moment of lifting of such a leg is called a critical time of the

gait. Therefore, the gait stability of a periodic and constant phase

increment gait is the minimum of all the rear SL at the critical times

in one locomotion cycle. If the gait is symmetric, a calculation in

half a cycle will be sufficient.

Theorem 8: For a six-legged full cycle EPH gait, the gait

stability margin is

S = (1/2 1/(4$)) •R for 1/2 < < 2/3 (3.31)

S P/24 (1/2 - S/(120)) *R for 2/3 < B < 1 (3.32)

Proof: A full cycle EPH gait is a constant phase increment gait

an increment 1 - 1/n, which is 2/3 for a hexapod. It is also a

symmetric gait. According to the rule mentioned above, the gait

stability is the minimum of the real SL at all the critical times.

At the time leg 1 is lifted, the local phases of leg 3 and leg S are

,,, .* .V . ..,. .,. ,.:, . , . ...-.. ... . ..._',............. .......................... ..................
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LO 3 =82/3

LO5 = 8 - 1/3

Since S - 1/3 is always less than 8, leg S is on the ground. Therefore,

this is not a critical time.

At the time leg 3 is lifted, since the negative phase difference

is 1 - 2/3 = 1/3, the local phases of legs 1 and 5 can be calculated

as follows.

LO1 = 8 - 1/3

LO= 8- 2/3

Therefore, leg 1 is always on the ground. Leg S is in the transfer

phase when

F(8 - 2/3) > B

The only opportunity for this to be true is B - 2/3 < 0. Therefore,

F(B - 2/3) = F(l + B - 2/3) = F(B + 1/3) > 6

This is always true for all B < 2/3. For 1/2 < 8 < 2/3, leg S is

always in transfer phase. Thus, this is a critical time. The phase

of leg 6 relative to leg 3 is -1/2 + 2/3 = 1/6. The positions of

leg 1 and leg 6 at this time are

P1  P + R/2 -(8- 1/3) • R/O ,

P6 = -P + R/2 - (8 - 1/6) * R/B

,- '. 6 .- 1
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The rear SL3 is

S3  1 6 P

=(1/2 - 1/(4S))* R

Another cirtical time is when leg 5 is being lifted. The local

phases of legs 3 and 6 at this time is

=0-1/3

Obviously both legs are on the ground for all 8. Hence,

P = R/2 - 8-1/3) *R/S
3 -

P= -P + R/2 -(8 -1/2). RIO

The rear SL at this moment is

S5=-(P 3 + P

=P/2 + (1/2 - 5/(120)) R f

Comparing SL to SL by subtraction3 S

SL 3 -SLs -P/2 +. R/(6)

since 1/2 < 8 < 2/3 and R < P for no overstroke, SL 3< SL, Therefore,

Sm (1/2 -1/(4$)) R
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For the case of 2/3 < 8 < 1, the only critical time is when leg 5

is being lifted. Thus, the gait stability margin is

S = SLs = P/2 + (1/2- 5/(12B)) R
,.

This completes the proof.

Theorem 9: For a six-legged half cycle EPH gait, the gait

stability margin is:

Gait is unstable for 1/2 < B < 2/3

S = (1/2 - 11(40)) R for 2/3 <8a < 5/6

S = P/2 + (1/2 11(36)) R for 5/6 < 8 < 1 (3.34)

Proof: Similar to the proof of Theorem 8, the moments of the lifting

of the three legs on the left side are checked as potential critical

times. The phase increment for a half cycle EPH gait is 1 - 1/(2n),

which is 5/6 for a hexapod. Therefore, at the time leg 1 is lifted,

the local phases of leg 3 and leg S are

S= F(8 - 5/6)

L S = ( - 2/3)

For 1/2 < 8 < 2/3, both Lo3 abd LO are greater than 8.

Therefore, both legs 3 and 5 are in transfer phase, and this is a

critical time. Since all three legs on the left side are in transfer

phase at this moment, the gait is unstable.

i i S

S.
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At the time leg 3 is lifted, since the negative phase difference

is 1 - 5/6 = 1/6, the local phases of legs 1 and 6 can be calculated

as follows.

8 - 1/6

L 5  F( - 5/6)

Leg 1 is always on the ground since 8 - 1/6 < 8 for all 8 > 1/2.

Leg 5 is in transfer phase when F(8 - 5/6) > 8. The only possibility

is B - 5/6 < 0, which leads to 8 < 5/6. Since 8 < 2/3 has been covered

in the first critical time, only 2/3 < 8 < 5/6 is considered for this

second critical time. The phase of leg 6 relative to leg 3 is

-1/2 * 5/6 = 1/3 and the local phase of leg 6 is

L O - 1/3

This is less than 8 always. Therefore, leg 6 is on the ground. The

rear boundary is composed of legs 1 and 6.

P = P R/2 - (8 - 1/6) * R/B

S- z-P + R/2- (8 - 1/3) * R/

" . The rear SL at this time is

SL$ = "(P1 
+ P6)/2

(1/2- 1/(48)) • R
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The moment of leg S being lifted is also a critical time. The

local phases of legs 3 and 6 are

L 3 =- 1/6t3
L46 = -/2

Both are less than 8 for all 1/2 < 8 < 1. Therefore, both legs 3 and

6 are on the ground. The leg positions are

P= R/2 - (8 - 1/6) R/B

P6 = -P R/2 - (8 - 1/2) ° R/$

The rear SL at this time is

SL =(P + P6)/2

S -( 3  P6)

= P/2 (1/2 - 11(3B)) * R

and

SL - SL i -P/2 + R/(12B)3 5

Since P > R and B < 2/3, SL is less than SL5 always. Therefore, the

gait stability margin is SL3 for 2/3 < 8 < 5/6.

For the case of 5/6 < 8 < 1, leg S is on the ground when leg 3 is

being lifted. The moment leg 3 is lifted is no longer a critical time.

Hence, the only critical time for this range of 8 is at the moment leg

5 is lifted and the gait stability margin is SL5. This completes the

proof.

-" ° .-4
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In order to have better gait stability, a full cycle EPH gait

should be used when $ is less than 5/6. For 8 greater than or equal

to 5/6, the half cycle EPH gait should be used. This can be seen

clearly from Figure 3.17 or by comparing Equation (3.34) to

Equation (3.32).

3.4.3 Backward Periodic Gaits

Both wave gaits and EPH gaits have the same stepping sequence.

That is, the placing events of the legs on the same side run from the

rear and proceed forward to the front of the vehicle. Any gait with

such a stepping sequence is called a forward gait. For a hexapod

forward gait, the placing event sequence of the left side and the right

side are 1-5-3 and 2-6-4 respectively since the placing of a front

leg is considered to be the beginning of a cycle. If the stepping

sequence is reversed, the gait is called a backward gait. For a

hexapod backward gait, the stepping sequences become 1-3-5 and 2-4-6.

This stepping sequence is particularly interesting because it is

suitable to a follow-the-leader (FTL) gait which has only one leg
". p"

movement at a time.

A forward gait can also be an FTL gait. One example is the

continuous FTL gait described in Section 3.4.5. However, an FTL gait

with forward stepping sequence requires that two legs move simultan-

eously. This can be seen as follows. After leg 1 is placed, leg S is

lifted and moved to the ready position for the placement. At this

time, leg 3 has to be lifted to release its foot print for leg 5.

Therefore, there is a short time that both leg 3 and leg S are in

-) :. --;¢, -.-.-.'. -.; .... .-.....=,= <,-..-..........-.-.-..-..- -. ,......-.................- ......-................-
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transfer phase. Since only leg 1 is on the ground on the left side at

this time, the stability margin is less than that of an FTL gait with a

backward stepping sequence which maintains at lease five legs on the

ground. A backward periodic gait has the potential to be modified

into an FTL gait with maximum stability.

If a periodic constant phase increment gait with phase increment

X is a forward gait, it can be modified into a backward periodic gait

by replacing the phase increment X with l-X. Therefore, both wave

gaits and EPH gaits can be modified into backward wave gaits and

backward EPH gaits respectively. For a 2n-legged vehicle, a backward

wave gait is described as

= F02m 1B)m = 1,2...n-l

-- F(1 - mO), and 1 > $ > 3/n (3.35)

where m denotes successive legs on the left side after leg I numbered

from front to rear. For a hexapod, the backward wave gait becomes .-

03=1 -8, 5 =2 -2, 1 > $ > 1/2 (3.36)

Figure 3.18 shows the gait diagrams of backward wave gait with

different duty factors. For a 2n-legged vehicle, a half cycle

backward EPH gait is described as

2m = m/2n, m - 1,2,...,n-1 (3.37)

A full cycle backward EPH gait is described as

2m+I" m/n, m = 1,2,...,n-1 and n is odd (3.38)

o,•- . . . ..-- a a.

- a a . . . . . . . . aa a . . . . ....
," ,°o" . *a ~ ~ ~ -- -a
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The range of 8 for a stable backward EPH gait is less than that of a

backward wave gait. It can be determined by studying the gait

stability margin of a specific leg number. For a hexapod, the full

cycle (120*) backward EPH gait and the half cycle (600) backward EPH .

gait become

43 = 1/6, 5 = 2/6 (3.39)

and

3 1/3, 5 = 2/3 (3.40)

respectively. Figure 3.19 shows the gait diagrams of these two kinds

of backward EPH gait with different duty factors. From the figure,

the full cycle backward EPH gait at 8 = 2/3 and the half cycle

backward EPH gait at 8 = 5/6 are identical to a backward wave gait.

The gait stability margins of 6-legged backward wave gait, full

cycle backward EPH gait and half cycle backward EPH gait are computed

by program HSM2 and are shown in Figure 3.20. The gait stability

margin of a backward wave gait increases slowly along with the duty

factor. By observing the gait diagrams of backward wave gaits, with

the help of the stationary gait patterns, the only critical time is at

the moment a rear leg is lifted. At this time, the leg ahead of it is

being placed and the other rear leg is on the ground.

At this moment, for a specific duty factor and 8 > 1, the other

rear leg is always at the same position due to symmetry. Hence, the

position of the leg ahead of it would determine the gait stability.

For a wave gait, since the leg ahead is at its mose backward position,

....... •
. -. * .
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(any position further backward would cause this leg to be lifted before

the rear leg is placed and lose stability), it has the maximal stabili-

ty. On the contrary, for the backward wave gait, the leg ahead of the

rear leg is at its most forward position. Hence, it has minimal

stability for all gaits in which the minimal stability margin is

determined by the same two legs. Figure 3.21 shows the gait stability

margins of all the six periodic gaits. For any specific duty factor,

the backward wave gait is at the lower margin of all the stable gaits

while wave gait is at the higher margin.

In Figure 3.20, the full cycle backward EPH gait has a jump in

stability margin to that of a backward wave gait at 8 i 2/3, and the

half cycle EPH gait has a jump in stability margin to that of a backward

wave gait at 8 = 5/6. The stability increases steadily after the jumps.

The reasons for these two jumps can be understood by observing the gait

diagrams and corresponding stationary gait patterns. The instability

of the backward EPH gaits at lower duty factors is because the middle

leg is not on the ground when the nearest rear leg is lifted. The rear

boundary at this time, which is composed of the front leg on the same

side and the other rear leg, is ahead of the center of gravity. This

instability is removed by increasing the duty factor until the middle

leg is being placed at the moment the rear leg is lifted. The rear

boundary, which now is defined by the middle leg and the other rear

leg, is behind the center of gravity giving positive stability. From

the gait diagrams in Figure 3.19, the condition that leg 3 is being

placed at the moment leg S is lifted occurs at 8 = 2/3 for full cycle

backward EPH gait, and at B = 5/6 for half cycle backward EPH gait.

* .. - *. . . •... . .. * * ,- *- **- °- •- . • ° • , ° , * *. . -° ... . .°.
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Another feature shown in Figure 3.20 is that the gait stability

margin of a full cycle backward gait is always greater than that of half

cycle backward EPH gait. This is different from the forward EPH gaits.

The following table shows some gait stability margins of backward gaits

obtained by the stationary gait pattern method.

Table 3.3

Gait stability margin S of

backward periodic gaits

duty factor, 8 f

gait 1/2 2/3 3/4 5/6 11/12

backward wave gait 0 1/8 1/6 1/5 5/22

backward EPH gait (1200) <0 1/8 2/9 3/10

backward EPH gait (600) <0 <0 <0 1/5 -

Since two cases of FTL gaits are discussed in the following two

sections, and the algorithms developed there are available for the ASV

to generate an appropriate FTL gait, the method to modify a backward

Sgait to an FTL gait is not studied. This may be left for future re-

search. This section is closed with an analytical study of the gait

stability margin of the backward wave gait.

- 7-7
? ... . . . . . . . . .
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Theorem 10: For a 2n-legged backward wave gait, the gait stability

margin is

S = (n/2 - 1) - P - R/(4a) for 1/2 < a < 1 (3.41)

Proof: Since the backward wave gait is a periodic, regular, symmetric

and constant phase increment gait, according to Theorems 3 and 4, it is

sufficient to study the minimal rear SL in a half cycle. The negative

phase difference is 1-(l-$) = 8. At the time rear leg 2n-1 is lifted,

the local phases of the leg before it, leg 2n-3, and the other rear leg,

leg 2n, are

LO-80
2n-3

and

= - 1/2

respectively. Since 8 > 1/2, 8 1/2 < 8. This means leg 2n-3 is

being placed and leg 2n is on the ground. At the time leg 2n-1 is

placed, the local phases of these two legs become

L02 3 = 1 - 8

and

hn =1-1/2 1/2
2n

respectively. Since B > 1/2, 1 - B < 8. Thus both legs are on the

ground. Since these two legs are on the ground at the beginning and

end of the transfer phase of leg 2n-l, and leg 2n-3 and leg 2n cannot

*V. .
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be lifted and placed during this period of time, both legs 2n-3 and

leg 2n are on the ground throughout this interval. Thus, in one

locomotion cycle, the minimal rear SL occurs at the time leg 2n-1

is lifted. The positions of legs 2n-3 and 2n are

P2n-3 = -[(n- 3)1/2) P + R/2

and

:Pn -[(n- 1)/2] •P +R/2 - 8-1/2) •R/g .

respectively. The gait stability margin is

S = -P2n-3 +  2n)/2  "

= (n/2 - 1) * P - R/(46)

This completes the proof.

3.4.4 Discontinuous Follow-The-Leader (FTL) Gait

3.4.4.1 Introduction

The basic nature of an FTL gait is that the middle leg steps

on the footprint made by the front leg, and the rear leg follows

the footprint of the middle leg. The advantage of such a gait is

that the human operator only needs to select the permitted footholds

for the two front legs, then the rest of the legs automatically

step on permitted cells. Therefore FTL gaits have very good terrain

adaptability and can be used for walking in rough terrain.

FTL gaits can be divided into two types according to the smoothness

of the body motion: continuous FTL gaits and discontinuous FTL gaits.

S . * % V'° . .**.. .
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A continuous FTL gait is a periodic gait. Hence, the implementation

of this gait is simpler and it generates continuous body motion and

reaches higher speed. The disadvantage is that it has less stability

due to a forward stepping sequence. Continuous FTL gaits should be

used in fair terrain or rough terrain with more permitted cells.

Detailed study of this gait is discussed in the next section. On the

contrary, a discontinuous FTL gait is more complicated in implementa-

tion. It has a backward stepping sequence. Hence, it requires that

only one leg move at a time to maintain good stability. Discontinuous

FTL gaits may be the best gait for walking in rough terrain at the

present time.

Discontinuous gaits are complicated because they combine leg

motion with body motion. A complete step of a discontinuous gait is

from a state in which all six legs are on the ground to the placement

of the sixth leg. Each leg has one placing event and one lifting

event in a complete step. Usually, leg 1 is always placed first, and

only one event happens at a time. The leg motion is described as an

event sequence. Tsai has pointed in [36] that the total number of

possible event sequences with a backward stepping sequence is 20.

These 20 event sequences are shown in Figure 3.22.

In order to describe the body motion, a body motion state is

defined as follows. Between any two instants, the body motion state

is 1 if the body has moved, and is 0 if the body has not moved. Since

there are 12 events in one complete step, and the first body motion

occurs between the current state and the first event, there are a

total of 12 body motion states in one complete step. The number of
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all combinations of body motion states is

212 = 4096 (3.42)

Since each combination of body motion states can be combined with

a leg event sequence to be a discontinuous FTL gait, the number of

discontinuous FTL gaits becomes

20 o 4096 = 81920 (3.43)

which is too large a number for a complete study. Moreover, this

analysis has not included consideration of the distance of each body

movement and the kinematic limits of the legs. At the present time,

due to the needs of the ASV, it is adequate to select one out of the

81,920 possibilities and develop it into an implementable algorithm

to generate a discontinuous FTL gait for the ASV. This work has been

done by Tsai [36] and is described below.

Event sequence 1-3-5-2-4-6 was selected because of its physical "%

symmetry. The body is restricted to two movements in a complete step.

One body movement occurs after the placing of leg 3 and another occurs

after the placing of leg 4. Only one leg at a time is moved, and the

body moves only when all six legs are on the ground to ensure good

stability. The human operator uses a laser beam to assign a foothold

for leg 1. This foothold was located by triangulation using a two

camera vision system. The coordinates of the selected foothold were

computed and an optimal stability point (OSP) for the center of gravity

of the new 6-vertex support pattern was also identified. Thus, the

motion of the body can be pre-planned and a checking of kinematic

limits for each leg is carried out. Any violation of kinematic limits
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would require a reselection of the foothold before the foot actually

moved. If the foothold is accepted, leg I is moved first, then leg 3

follows. Then the body next moves until the center of gravity is on

the OSP. Finally leg 5 is moved. This is the first half cycle. The

second half cycle is exactly the same of the first half cycle except

it involves legs 2, 4 and 6 instead of 1, 3 and S.

This algorithm h-s been implemented on the OSU Hexapod. Tests

using the Hexapod have demonstrated the feasibility of the FTL gait

for the ASV. This FTL gait permits the hexapod to walk over a three

dimensional rough terrain since the body attitude can be maintained

level automatically through its control systems. (For the ASV, the

body attitude is maintained parallel to the average terrain gradient

seen in the machine.) The stability margin SM is used in the algorithm

instead of longitudinal stability margin SL. Hence, the vehicle

maintains good stability in all directions. Therefore, this algorithm

is for two dimensional body motion.

Although this FTL gait has been developed successfully, there are

two aspects which can be improved. The first is that the reaching

* -ability of the front legs are overly limited due to the constraint of

the body motion. If the front legs are assisted by body motion, the

reach is increased. The second is that the speed of the vehicle is

slow. When the rough terrain in which the vehicle is walking has

enough permitted cells, a higher speed should be reasonably expected.

The first deficiency is removed by use of the general approach of

discontinuous FTL gaits presented below. The second deficiency is

alleviated by applying the continuous FTL gait.



*0,,

109

3.4.4.2 A General Approach of Discontinuous FTL Gaits

Initally, only the longitudinal stability margin SL will be

considered. In general, the lateral stability margin can be maintained

satisfactorily by keeping the center of gravity equidistant from the

two feet which determine the minimal SL. Later, A modification of this

approach which considers the stability margin SM is also introduced.

In the following discussion, stability margin is used to stand for

- longitudinal stability margin wherever there is no ambiguity.

Each one of the 20 possible event sequences can be used for a

discontinuous FTL gait. If event sequence 1-3-5-2-4-6 is chosen for a

discontinuous FTL gait, the complete event sequence which includes

lifting and placing in one step becomes 7-1-9-3-11-5-8-2-10-4-12-6. A

successive gait pattern of this FTL gait is shown in Figure 3.23.

There are, in total, 13 support patterns. Leg the first support

pattern be designated as 0 and the rest of the support patterns be

designated by the number of the last event. The 13 successive support

patterns in order become 0,7,1,9,3,11,5,8,2,10,4,12,6. Similarly, the

body motion state of each support pattern is designated as the same

number. Since a step is completed at the placement of the sixth leg,

the body motion state after it is considered in the next step.

Hence, there are 12 body motion states in total: 0, 7, 1, 9, 3, 11,

S5,8, 2, 10, 4, 12.

Definition 29: A central segment, C', of a support pattern is the

longitudinal segment which passes through the center of gravity and is

bounded by the front and the rear boundaries of the support pattern.

* 0 , °,~0* *'
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Definition 30: a stable segment, C, of a support pattern of a walk-

ing machine is the line segment generated by the center of gravity by

moving the body in the longitudinal direction to its front and rear

extremes without running into a stability problem or exceeding the

kinematic limits of the legs.

From the definitions, C is always a subset of C'. For any

support pattern n, the stable segment can be described as

X <C <X (3.44)

r°,f

r" -- n.f

of gravity. These two extreme points can be easily calculated by a

computer program since the position of each foot on the ground and the

kinematic limit of each leg are known.

In an FTL gait, the foothold of leg 1, say F1 , is selected by

the human operator. Leg 1 is then supposed to be lifted and to be

placed on F with either some or zero body movement. The accomplishment

of event 7 depends on whether there is any overlap of C0 and C. if

there is no overlap, the vehicle will either have a static stability

problem by lifting leg 1 or a kinematic violation by moving the center

of gravity into the stable segment of support pattern 7. On the

contrary, an overlap of C and C would guarantee the accomplishment of
0 7

event 7. A safety margin should also be considered. Figure 3.24

shows the successive central segments and corresponding stable segments

of support patterns 0 and 7. AB is the overlap of these two stable

segments. e is the safety margin and is measured from the two ends of

a central segment. The darkened line is the truncated stable segment

.. . . . .

...utr.................i......h*ot.n te rond ndth
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Figure 3.24: A pair of successive stable segments and central setments.

with the safety margin e. The overlap of the truncated stable

segments becomes AC. Hence, the vehicle can proceed from event 0 to

event 7 while maintaining the safety margin of stability. Similarly,

an overlap of truncated C and C would guarantee the accomplishment

7~~ 1 ..

of event 1, and an overlap of truncated C1 and C9 would guarantee the

D ~accomplishment of event 9...etc.

Events 7, 1, 9, 3, 11 and S are considered to be the first half

step. After the foothold F is chosen, the stable segments of the

first half step can be computed as

-rO 0- fO

r7- C7- f7

. . . . acopismn £ vn 9.e
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Figure 3.25 shows the central segments and the stable segments of a

complete step. The accomplishments of events 7 through event 5 depend

on whether there is an overlap between every two successive truncated

stable segments. If it does, the first half step can be completed and

the foothold F1 is acceptable. If it does not, the foothold F is

unacceptable. The computer would then inform the human operator of the

necessity of reselection of F

The second half step is similar to the first half step. After

the selection of F is accepted, the human operator should select a

foothold F2 for leg 2. For a selected F2, another set stable segments,

C5, C8, C2, CIO, C4, C12 and C6, for the second half step can be

obtained. If there is an overlap between any two successive truncated

stable segments, the foothold F2 is acceptable. If not, F2 is

unacceptable and a reselection of F2 is required.

If there is no acceptable F2 available, a reselection of FI is

required. This process of selection should continue until a set of

cells F1 and F2 is found. Thus, a complete step which maintains the

given safety stability margin is guaranteed to be accomplished. The

.'
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rest of this approach is the arrangement of the body motion.

3.4.4.3 The Schedule of Body Motions

There are many options for scheduling body motions. Generally

speaking, there are two main strategies. The first is to keep the

number of body movements to a minimum. One body movement simply

means one body motion state is 1. The second is to maximize the

stability margin by increasing the number of body movements. Since

there are 12 body motion states in one complete step, the maximum

number of body movements is 12, which means all 12 body motion states

are 1, and the minimum number is 0, which means all 12 body motion

state are 0.

The first strategy is to keep a minimum number of body movements.

This strategy is shown by an example as in Figure 3.25. The heavy

dot denotes the center of gravity. The truncated stable segments

are the darkened lines. The method of finding common segments is

used.

Definition 31: A common stable segment is the overlapped portion

of several successive stable segments.

Compare the first truncated stable segment C0 with the second

one C7 to find the common stable segment of these two. Then compare

this common stable segment with the third truncated stable segment C1
1*

to find a new common stable segment. This process should be repeated

until there is no more common segment between the existing one and the

next stable segment. In Figure 3.25, a common stable segment I is

found in the first five truncated stable segments. Then the same
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procedure is repeated from the last stable segment C3 toward the

end of the step. Another common stable segment II is found in the

next six truncated segments. Finally, a third common stable segment .

III is found in the last four truncated stable segments.

The minimum number of body movements is found as follows.

During locomotion, the center of gravity should be in a common stable

segment first, then the vehicle can proceed with leg motion to the

last event of that group of stable segments. In the example, the

vehicle should move the body backward so that the center of gravity

is in the first common stable segment I. Then it can proceed to

event 3. The body should then move to bring the center of gravity

into common stable segment II. The vehicle can then proceed to event

10. Finally the body moves to bring the center of gravity to common

stable segment III. The vehicle then proceeds to event 6 to complete

the step. Three body movements are needed in this example. Let the

number of common stable segments be Nc. If the center of gravity is

already in the first common stable segment, the minimum number of

body movements is Nc-l. If not, it is Nc.

In the example, a larger reach of the front legs is demonstrated.

If the body movements are restricted after event 3 and event 4, the

selected footholds F and F2 are unacceptable since a body movement

before event 7 is required. Since a flexible decision of the body

movement, and only a safty margin is required during locomotion, the

reach of the front legs is maximized.

In each body movement, the center of gravity should be moved to

the position which gives the maximum stability margin. This point

............... '.. . . . .
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is defined by applying the common central segment method.

Definition 32: A common central segment is the overlapped

portion of several successive central segments.

For each group of truncated stable segments which share a

common stable segment, the common central segment of the

corresponding central segments should be found. If the center

of gravity is on the center of this common central segment, it will

give the maximal minimum stability margin for those support patterns.

Hence, for each body movement, the center of gravity should be

moved to this point of optimal stability, or as close as possible.

The second strategy is to maximize the stability margin by

increasing the number of body movements. In this strategy, every

two successive truncated stable segments are considered a group.

A body movement is needed if the center of gravity is not on the

point of optimal stability. The center of the common central segment ..,

of the two corresponding central segments is the point of optimal

stability. In each body movement, the center of gravity should be

moved to the point of optimal stability or as close as possible. By

doing so, the stability margin of each two successive patterns is

maximized. Hence, the gait stability margin is also maximized.

The maximum number of body movements is 12, and the body may move

forward and backward in order to have optimal stability.

The first strategy is preferable because fewer body movements

are usually desirable. If the safety margin increases, the number of

body movements may increase also. The extreme case is that of the

second strategy. The maximum safety margin for a set of footholds is

,.-5
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when any one of the truncated common stable segments becomes a single

point, under the condition that any more body movements would not

help to increase its length.

3.4.4.4 Modification of the General Approach for Two Dimensional

Body Motion

If the stability margin SM is considered, the general approach

developed above is still applicable provided a few modifications are

made. The stable segments are replaced by stable areas, and the central

segments are replaced by central areas. The definitions of these

two new terms are given below.

Definition 33: The central area A', of a support pattern is

the area inside of the boundaries of the support pattern.

Definition 34: A stable area, A, of a support pattern of a

walking machine is the composition of all the points on which the

center of gravity would give the vehicle positive stability margin r

and would keep all the legs in their kinematic limits.

A stable area is a rectangle if the body is not allowed to

rotate. All the common line segments mentioned above are replaced

by common areas which are the overlapped areas of several succesive

stable areas or central areas. A safety margin should also be applied

to the common cnetral areas, and the truncated stable areas are used

for those two strategies mentioned above (see Figure 3.26).

The point of optimal stability is no longer the center of the

common central segment. It becomes the OSP which is defined as

follows.
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Support Pattern

er

Stable Area7

Figure 3.26: A truncated stable area (shaded area).

Definition 35: The optimally stable point, OSP, of a support

pattern is the point inside the pattern that produces the maximal

stability margin when the center of gravity is on it.

Since the central areas are polygons, the common central areas

are also polygons. The method to find the OSP for a polygon is

introduced in [36] by Tsai. In each body movement, the center of

gravity is moved to the OSP of the common central areas, or a- -lose

as possible. Since the center of gravity does not have to be exactly

on the OSP, and since the number and the time of body movements are

flexible, this general approach constraints the selected footholds

lease. The reach is maximized.

.4
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3.4.5 Continuous FTL Gait

-% 3.4.5.1 Periodic Gaits with the Stepping Characteristic of FTL Gaits

The characteristic of an FTL gait is that the middle leg steps

on the footprint made by the front leg, and the rear leg steps on

the footprint made by the middle leg on both sides. Any gait with

this stepping pattern can be an FTL gait, provided that the two front

legs can be placed on the selected footholds withoug losing stability.

In this section, a periodic gait with this stepping pattern is

developed into a continuous FTL gait. -

A hexapod with stroke R and stroke pitch P is walking in a

periodic regular symmetric gait. The speed of the hexapod is R/$.

Let the reference coordinate system be coincident with the body

coordinate system at time 0, which is the time of the placement of

leg 1. The positions of the footprints made by the legs on the left

side are then:

Pfl R/2 + P (3.46)

Pf3  0*3 + R /2 (3.46)

Pf5 " 5* R/$ + R/2 -P (3.48)

If the gait has a backward stepping sequence 1-3-5, the condition of

the phases is

0 < < <1. 3.49)

U .-... ,.
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In order to guarantee that the leg which occupies a foothold is

lifted before the next placement, the phases should satisfy the

following inequalities:

07 < €3 (3.so)

< O (3.51)
9J

For an FTL gait with a forward stepping sequence, leg 1 steps on a

new foothold, then leg 3 steps on the old footpring of leg 1, which

is one stride behind the new foothold, and finally leg 5 steps on the

old footprint of leg 3, which is two strides behind the new foothold.

Hence, the relationships between the footprints are as follows:

P fI R/B 8Pf 3  (3.52)

Pfl "2R/= Pf5  (3.53)

Substituting Equations (3.46) through(3.48) into Equations (3.52)

and (3.53) gives

3= (P/R) • - (3.54)

05= 2[(P/R) • 8 - 1] (3.S5)

Examining these two equations together with the conditions on the

phases, Equation (3.49) gives

0 < 1/2
p3

which leads to

*• , - -. .. S
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P/R < 3/(2B) (3.56)

Since = and +)9 B 3 8, Equations (3.50) and (3.51) give

(B + 1)/B < P/R (3.S7)

Since 1/2 < 8 for statically stable hexapod gait, Equation (3.57)

becomes

31(2S) < P/R (3.58)

This is contradictory to Equation (3.56). Hence, it is impossible for

a periodic regular symmetric gait with a backward stepping sequence

to be an FTL gait.

If the gait has a forward stepping sequence 1-5-3, the phases

should satisfy the following condition

0 < 5 < ¢3 <1 (3.59)

and also

7< €)3 (3.60)

09 < OS (3.61)

For an FTL gait with a forward stepping sequence, leg 1 steps on a

new foothold, then leg S steps on the footprint of leg 3 after leg 3

is lifted, which footpring is one stride behind the new foothold,

and finally leg 3 steps on the footprint of leg 1 after leg 1 is lifted,

which footprint is the new foothold. The footprints should satisfy

the following equations.
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Pfl =Pf3  (3.62)

Pf1  R/a Pf5  (3.63)

Substituting Equations (3.46) through (3.48) into Equations (3.62)

and (3.63) gives

03 (P/R) . (3.64)

= 2(P/R) * - 1 (3.65)

Examining these two equations with the phase conditions, Equation

(3.59) gives

1/2 < P/R < 1/$ (3.66)

and both Equations (3.50) and (3.51) give

1 < P/R or 0 < P/R -1 (3.67)

Compare Equation (3.64) and (3.65) with a wave gait. The wave gait

is an extreme of the continuous FTL gait with P/R = 1. The physical

meaning of the term P/R - 1 is the time phase between the lifting of

a leg and the next placement at one footfold. This time phase should

not be too small in order to avoid any collision between legs. For

instance, if the cycle time is one second and the time between the

lifting of a leg and the next placement needs 0.2 second, the ratio of

P/R should be 1.2.

A careful observation of the fast walking gait (8 < 3/4) and the

trotting gait of a horse shows they are continuous FTL gaits.

7:"|
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Several gait diagrams were drawn according to some selected plates3

made by Muybridge [22]. Although different horses may not behave

exactly the same and each leg may have a slightly different duty

factor, the constructed gait diagrams do closely follow the

characteristics of continuous FTL gait. The duty factors of these

gaits are in the range of 0.37 to 0.58. The values of P/R are in

the range of 1.14 to 1.33. Figures 3.4 and 3.5 are the footfall

formula and the gait diagram of a horse walking respectively. In

this case, it is exactly a continuous FTL gait.

The stepping characteristics of these gaits are also examined.

In some cases, the rear feet are placed ideally at the front footprints.

In other cases, the rear feet are placed behind the front footprints.

This is clearly obvious when the horse is hauling a heavy load. At

other times, the rear feet are placed beside the front feet. The

reason for this may be to avoid any possible interference between

the feet.

Both the fast walking and trotting gaits are statically unstable.

A horse can proceed from a slow walk (which is a wave gait) to a fast

walk or trot by reducing the duty factor and adjusting the P/R ratio.

This interesting fact shows that a continuous FTL gait may be

developed into a statically unstable gait to reach higher speed.

Program HS2 is used to study the gait stability margins of

the continuous FTL gaits over a wide range of P/R ratios. Figure 3.27

• Plate number 20, 33 and 39 in [22].
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shows the results. For each P/R ratio, the stability margin increases

with the duty factor until it reaches a certain value. After this

value the stability margin drops to zero abruptly. This phenomenon

can be understood by examining gait diagrams of two continuous FTL

gaits with the same P/R ratio. Figure 3.28a shows the one before this

drop with 8 = 0.7 and Figure 3.28b shows the one after this drop with

8 = 0.75. The first one has a stability margin of about 1.8 while

the second one is statically unstable. This is because that, at time

8, in the second case no leg on the left side is on the ground. This

sudden drop happens at

8 = s.

3--- .3-

3 5-0.75 =0-3---

830.7 S5=0.68 7505

Figure 3.28: Gait diagrams of continuous FTL gaits.

.... . -- . 4"-" "
.' . °-.

:. P/R=.1.2 ;.;=0.! P/R=.1.2 .>-:0.1
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This gives

8 = II(2P/R- 1) (3.68)

Figure 3.27 shows that the smaller the P/R is, the wider the

range of duty factor for a statically stable gait. For the case of

P/R larger than 1.4, there is hardly any value of duty factor which

gives statically stable gait. For P/R = 1.02, almost all the values

greater than 0.5 give statically stable gaits. Another fact shown in

Figure 3.27 is that, before its sudden drop, the gait stability

margins of all the continuous FTL gaits with different P/R ratios

trace the same curve, and this part of the curve is identical to the

gait stability margin of a backward wave gait.

3.4.5.2 Strategies to Avoid Forbidden Regions

For an FTL gait, the two front legs should be able to place on

the selected footholds without losing stability. This is done by

the four possible adjustments of the front legs. These four adjust-

ments are placement of the front o beOr, aftcr, to the utsi.d. . c. F

and to the inside of the preplanned footprint while maintaining its

stability. They are called the front adjustability (Af), the rear

adjustability (A ) the abducted adjustability (Ab) and the adducted

adjustability (Ad) respectively. After a front leg makes adjustment

in these ranges, the middle and rear legs would follow it and maintain

vehicle stability.

The method used to calculate these adjustments is shown by an .

example. Figure 3.29 shows the gait diagram and the stationary gait
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pattern of a continuous FTL gait with P/R = 1.2 and 0 = 2/3. The

event sequence of this gait is 1-6-8-11-4-9-2-5-7-12-3-10. From the

figure, in the first half cycle, the minimal front SL occurs at the

moment before the middle foot 3 is placed, the minimal rear SL occurs

at the moment after the middle foot 4 is lifted. At both times,

the minimal SL is 0.125R.

Let all the legs except leg 1 be placed on the preplanned

footprints. If leg 1 is placed a distance ahead of the preplanned

footprint and the gait stability margin is reduced to zero, this

distance is the maximum front adjustment. From trigonometry, the

maximum front and rear adjustments are

Af A = 2SL (3.69)
r

In this example, it is 0.25R. In a similar way, the abducted and

adducted adjustabilities can be calculated as

Ab Ad = 2SL * tan a (3.70)

where a is the angle of the line which goes through the center of

gravity and the foot position of leg 6 at the time foot 4 is placed.

At this time, the position of leg 6 is

P6  -p + R/2 - (c4 - 6" RIB (3.71)

Since 04 - *6 = *3 O 5' Substituting Equation (3.64) and (3.65) into

Equation (3.71) gives

P6 
i R * (1/2 - 1/$) (3.72)

•9.

9.9, -.-. ,- *. -. , . --\. - _. . -".'.-, . .-.- . . , . ... ,. .. . . .- . € , . -,- ,, . -- . , ',',
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Hence,

ax = tan " {W/[2R * (1/$ - 1/2)]} (3.73)

where W is the width between the footpaths. For the ASV with

P a 67.2 inches, R = 56 inches and W = 84 inches, the maximum

adjustments of this gait are: A = A = 14 inches, Ab = A-r f cd

10.5 inches. Although these may appear to be small, the vehicle can

cross over large forbidden regions by using these adjustments.

This is shown in the later examples.

There are two important features to be observed from Figure

3.29: %*

1. The boundary which determines the minimal SL in
the first half cycle is bounded by feet I and 6.
In the second half cycle, it is bounded by feet
2 and S. The positions of middle legs do not
affect the gait stability margin.

2. The time phase between the two placements of the

two legs which determine the minimal SL is very
short, and the two instants of the minimal SL
occur after both legs have been placed. In the
example, leg 6 is placed at 1/10 after leg 1. and
the time phases of the two instants of minimal

SL are 3/10 and 7/15 respectively.

Hence, during walking, front leg 1 can be adjusted within the

maximum adjustment as long as leg 6 is placed at the preplanned

foothold. This is the same relationsnip as that of front leg 2

to leg 5. The middle legs simply follow the front legs and do not

affect the stability. The following examples show how a hexapod

avoids forbidden regions by these adjustments.

Figure 3.30 shows a hexapod cross over a narrow forbidden

region in a continuous FTL gait. The pitch of footprints on the

,s:,* * *~* * '
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same side is X and the footprint on the right is O.SX ahead of that

of the left. The maximal width region which can be crossed is the

maximum of these two values: 0.5A + Af and 0.5A + A The blankfr .

circles are the preplanned footholds and the darkened circles are the

actual footprints. A preplanned foothold is in the forbidden region

at a distance D from the edge. The vehicle should adjust its legs

so that one of the front legs would step on the edge in order to gain

the maximal crossing ability. Since D is large than Ar, two adjustments

are needed.

In Figure 3.30a, the vehicle adjusts the legs by rear adjustment.

It starts on leg 1 at footprint S. Then leg 2 follows at footprint

6. At footprint 7, leg 1 can not adjust further because leg 6 is at

footprint 4 where no adjustment has been made. At this time, the

vehicle should slow down to readjust the center of gravity according

to the positions of legs l and 2 so that the center of gravity is

behind its original position by A . By doing this, the rear adjust-

ment of the two front legs is compensated and the vehicle is ready

for another rear adjustment. At footpring 8, leg 2 makes its second

rear adjustment to D because leg 5 is at footprint S where one rear

adjustment has been made already. Leg 1 makes its second adjustment

at footprint 9. Leg 2 would then step on the edge of the forbidden

region at footprint 10. At this time, the center of gravity should be

readjusted again according to the two front legs. Then leg 1 can

stretch out with its front adjustment to cross over the forbidden

region. After both legs 5 and 6 pass over the forbidden region, the

S..............., o ................. ,.....----
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center of gravity should be readjusted according to the two front

legs in order to have optimal stability.

Figure 3.30b shows the vehicle crossing over the same forbidden

region by front adjustment. It starts on leg 2 at footprint 4.

After footprint 6, the center of gravity is readjusted. At footprint

9, leg 1 steps on the edge and the center of gravity is readjusted

again. Then leg 2 stretches out to cross over the forbidden region.

In both cases, six footprints are off the preplanned footprints.

The method in Figure 3.30b starts the adjustment a half step earlier

and has a half step less after the crossing.

* Figure 3.31 shows a hexapod crossing over forbidden regions by

lateral adjustments. In Figure 3.31a, the vehicle avoids some small

longitudinal forbidden regions by lateral adjustments. In Figure 3.31b,

the vehicle abducts the two front legs gradually to cross over a wide

forbidden region. At footprint 5, leg 1 abducts by Abl Leg 2 then

also abducts by Abl at footprint 6. At footprint 7, leg I can not be

further abducted since leg 6 is at footprint 4 where no abduction has

been made. At footprint 8, leg 2 makes its second abduction by AbZ.

Leg 1 makes its second abduction at footprint 9. By doing this, the

leg on each side can make three abductions in five steps. This process

proceeds until the width of the two foot paths is wider than the for-

bidden region. One thing noticeable is that the abducted adjustability

increases as the path width increases (i.e., Ab3 > > since the

angle a increases.
4(-

. . . . .* . . .
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3.4.5.3 Special Methods for Large Leg Adjustments

If the terrain requires the vehicle to adjust its front legs

abruptly, there are two methods available. The first method is to

adjust the legs in cooporation with a body motion. The purpose of the

body motion is to move the center of gravity and increase stability.

The ways to move the body depend on the gaits and the adjustment made

by the legs. The following is an axample of this method.

Figure 3.32a shows a hexapod crossing over a large forbidden

region by moving its body. The vehicle executes a large abduction of

leg 1 at footprint 7. The center of gravity is moved to the left by

half of the leg abduction. From the stationary gait pattern in

Figure 3.29, the minimal SL determined by legs 1 and 6 does not change.

However, the minimal SL determined by legs 2 and 5 in the second half

step is negative. The body has to move back before this instability

7 arises. Therefore, there are two body motions in the first step. In

the second step, leg 1 is at footprint 9 and leg 6 is at footprint 6.

The center of gravity has to move to the left again for the same

reason. Leg 2 is then at footprint 10 and leg 5 is at footprint 7.

Since footprint 7 has been abducted already, the center of gravity can

be kept in its new position. After the vehicle passes the forbidden

region, leg 1 adducts to its original path, and the body has to move

laterally three times.

This method can also be used for a large longitudinal adjustment.

In this case, the body has to move forward and backward. Hence, it

becomes a discontinuous FTL gait.

:.1
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The second method is to adjust the two legs which determine the

minimal SL together with the same adjustment in opposite directions.

From Figure 3.29, since both the placements of legs 1 and 6 are before
tS.'

the moment of the minimal SL, if leg I has a large adjustment, leg 6

can follow immediately with an adjustment of the same distance but in

the opposite direction. The resulting minimal SL is kept the same.

This adjustment can be either longitudinal or lateral, or both.

Figure 3.32b shows a vehicle passing over a wide forbidden region

by the second method. The vehicle performs a large abduction of leg 1

at footprint 7, leg 6 performs the same abduction in the opposite

direction at footprint 4'. Leg 2 then performs a large abduction at

footprint 8, followed by an abduction of leg 5 in the opposite direction

at footprint 5'. The vehicle increases quickly its track width in a

single step. After it passes the forbidden region, the same method is

applied to adduct the legs on both sides to their original paths. The

center of gravity is kept in the central line. The only disadvantage

of this method is that it loses the nature of the FTL gait temporarily.

The extra footprints at 4', 5', 6', 10', 11' and 12' have to be on

permitted cells also.

3.4.5.4 Dexterous Periodic Gaits

As a summary of the above discussion, the principles of modifica-

tion of a periodic gait into a continuous FTL gait are:

1. This periodic gait must possess the stepping
characteristics of an FTL gait.

2. The maximum adjustments in longitudinal and lateral
directions should be calculated. The vehicle can

*V oV
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adjust the two front legs to avoid forbidden regions.

3. The moments of the minimal SL and the legs which
determine the minimal SL should be found. This
information would provide the vehicle the strategies
for leg adjustments, and special methods for large
leg adjustments.

Many periodic gaits do not have the stepping characteristics of an

FTL gait. However, it is possible for these gaits to possess the abil-

ity to avoid the forbidden regions through a similar development. A

periodic gait with such ability is called a dexterous gait. The first

step is to define the preplanned footholds before the vehicle. The

locations of these preplanned footholds would tell whether any leg will

fall into a forbidden region, and the necessary adjustments. The

locations of the preplanned footholds can be calculated as follows.

Pxl = R/2 P m R/

P =R/2 + (m ) R/
x3 3

Px5 = R/2- P + (m + $5 ) * R/B (3.74)

P = R/2 + P + (m + 1/2) R/$

P R/2 + (m + F[4 + 1/2]) •R/
x4 3

Px6 = R/2 - P + (m + F( s + 1/2]) *R/

where m = 1,2,3,4,5 .... etc. and Pxi is the X-coordinate of the

foothold of leg i and F is the fractional function.

The second step is to follow the principles 2 and 3 of the

continuous FTL gait. The maximum adjustments of all six legs should
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be calculated. A simple way to do it is by means of stationary gait

pattern. The moments of minimal SL and the legs which determine the

minimal SL are more complicated than those of continuous STL gait. For

instance, for the wave gait, in the first half cycle, the minimal

front SL and the minimal rear SL occur when leg 1 is placed and leg 5

is lifted respectively. The legs which determine the minimal front

and rear SLs are legs 2 and 3 and legs 3 and 5 respectively. The

strategies of avoiding forbidden regions and methods for large leg

adjustments can be developed in a similar way to that of the continuous

FTL gait. The detailed study of this development is left for future

research.

3.5 Summary

In Chapter 3, analytical methods and graphical methods for gait

analysis were introduced and demonstrated by many examples. The major

gaits for level walking in different kinds of terrain were studied.

From this analysis, the concluding points relating to leg design are:

1. For statically stable gait, a leg number of six seems
to be appropriate because four legged gait has less
stability and requires higher duty factor.

2. The improvement of stability by extending the stroke
has a limit. A ratio R/P = 1.2 seems to appropriate.
The break-point for 8 = 11/12 is R/P = 1.22.

3. In order to perform a large leg adjustment in rough
terrain, which is desirable for discontinuous FTL
gaits and continuous FTL gaits, the stroke in
longitudinal and in lateral directions should be as
large as possible.

The following are the main aspects of each gait.

.......... ,. ... .
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Wave gaits have optimal stability among all periodic gaits. A

simple formula for the gait stability margin with a > 1/2 was derived.

Methods for wave gaits to increase stability by varying stroke and

stroke pitch were studied in detail. Gait stability with 8 < 1/2 of

wave gait for more than six legs is an interesting subject for the

future research.

EPH gaits can equally distribute the placing events and/or the

lifting events in one locomotion cycle. For B < 5/6, full cycle EPH

gaits have better stability. For a > 5/6, half cycle EPH gaits have

better stability.

Backward periodic gaits have a backward stepping sequence and have

potential to be developed into discontinuous FTL gaits. Backward wave

gaits have the minimal stability among all the periodic gaits in this

chapter. Full cycle backward EPH gaits have better stability than half

cycle backward EPH gaits. The method to develop a backward periodic

gait into an FTL gait is a valuable topic for the future research.

The general approach of the discontinuous FTL gaits can maximize

the reach of the two front legs. The reasons for this improvement are

a flexible schedule of the body movements and a marginal stability.

The longitudinal stability margin is used for this approach because it

is easy for calculation, and lateral stability can be maintained simply

by keeping the center of gravity between the two legs which determine

the minimal stability margin. If optimal stability is required, a

method to modify this approach by replacing the longitudinal stability

margin with stability margin was also introduced.

. . - .

* ....
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Continuous FTL gaits have very good potential for the ASV to walk

over most natural terrain. It has smooth body motion and can reach

higher speed. No periodic gaits with backward stepping sequence can

be a continuous FTL gait. The walk gait of horses is a continuous FTL

gait. Several strategies of leg adjustments and special methods for

large leg adjustments were introduced by examples. The methods used

to develop a periodic gait into a dexterous periodic gait were discussed

in principle. The detailed development of each dexterous periodic

gait is a subject for future research.

*°.
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Chapter 4

GAIT ANALYSIS PART II .GAITS FOR IRREGULAR TERRAI

4.1 Introduction

In Chapter 3, gaits of a hexapod over level terrain were studied.

In this chapter, gaits over three dimensional irregular terrain are

studied. Since the variety of irregular terrain is unlimited, it is

difficult to cover all the different cases of the walking over

irregular terrain.

In order to study this problem the real terrain features are

simplified into geometric features. The geometric feature types

chosen for study are: slope, ditch, vertical step and isolated wall.

The study presented in this chapter is concentrated on the walking of

a hexapod over each irregularity.

In order to simplify the study, these irregularities are assumed

to have simple geometry with sharp solid edges. Figure 4.1 shows the

geometries of these features. Each can be described by one or two

parameters. The last three irregularities are called obstacles.

In the following discussions, the dimensions of the ASV shown in

Figure 3.1 are used to calculate the performance of the vehicle as

references. In the figure, H is the height of the center of gravity.

W is the width of the track. P is the stroke pitch and R is the stroke.

142
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(a(a) (b) 

() (d)oltd al

L is the length of the body. The body coordinate system X-Y-Z is

attached on the body with the origin at the center of gravity. The

directions of the X-axcis, Y-axis and Z-axis are toward the front, the

right and the ground respectively. Rx, Ry and Rz are the three

dimensions of the walking volume in the X, Y and Z direction

respectively. In the following discussion, a subscript 'loll denotes
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the normal dimensions, which are the values given in Figure 3.1, of

the vehicle. For instance, H denotes the normal height of the

vehicle and H = 72 inches.
0 

9

The following assumptions are made for the simplicity of

analysis:

1. Every point is a permitted cell except those on a
vertical surface.

2. The contact between foot and the ground is a point
contact.

3. There is no slip between foot and ground.

4. All the mass of the legs is lumped into the body.
The center of gravity is assumed to be at the
centroid of the body.

5. The motion is slow enough so that no dynamic effects
need be considered.

In Section 4.2, gait stability for walking on a slope and

strategies to improve the stability are studied. The maximum

gradient which can be traversed in different cases of walking

on a slope are also calculated.

In Section 4.3, ditch crossing of a hexapod with a periodic

gait and a large obstacle gait is studied. A general

introduction of obstacle crossing with a large obstacle gait

is also given.

In Section 4.4, vertical step crossing of a hexapod with a

large obstacle gait is studied. Both stepping up and stepping

down are included.

In Section 4.5, isolated wall crossing of a hexapod with a

large obstacle gait is studied.

S..



145

In each of the obstacle crossing studies, the dimensions of the

maximum obstacle which can be crossed are calculated and possible

improvements obtained by modifying the walking volume are discussed.

4.2 Gaits for Walking on a Slope

The main difference between walking on a slope and level walking

is that the projection of the center of gravity onto the support

pattern is shifted. If a periodic gait is symmetric about the

longitudinal and the lateral body axes, the minimal front SL and the

minimal rear SL are the same in level walking. However, in walking on

a slope, the shifted projection of the center of gravity would reduce

the minimal SL on the downhill side, and hence reduce the gait

stability margin.

There are two strategies which can be used to improve stability

when walking on a slope. The first is to lower the walking height

and/or to adjust the body attitude. The second is to change the

beginning and the end of the stroke. In order to understand the

effectiveness of each strategy, the upper limit of the maximum gradient

which can be traversed in each case is calculated for comparison. The

case when the stability margin becomes zero is the upper limit of the

maximum gradient.

Wave gaits are selected as representative of periodic gaits

because of their optimal stability. Precision footing gaits are also

used for calculation because they give the maximum possible grade for

each case.-............................................................... of *he

. .9 -I

each cae. . .. 4 9
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In the following, parameters referring to operation on a slope

are distinguished from the corresponding parameters for level walking

by a prime. For instance, SL' denotes the longitudinal stability

margin measured according to the support pattern on the sloping

surface.

4.2.1 Walking on a Slope by Adjusting the Walking Height and/or the

Body Attitude

4.2.1.1 Walking Along a Line of Maximum Gradient

The strategy of lowering the body height is studied first.

The vehicle is walking in a condition in which the longitudinal

body axis is aligned with the maximum gradient line. If the slope

angle is e, the offset of the projection of the center of gravity on

the sloping surface is H - tan 0. Referring to Figure 4.2, the

stability margin SL can be calculated as

SL = SL' ° cos e (4.1)

Instability occurs if SL < 0 at any instant during a complete

locomotion cycle. Hence, only the minimum longitudinal stability

margin needs to be considered. Since wave gaits are symmetric about

the lateral body axis, for the same slope angle, the effects on

stability due to the shifted projection of the center of gravit in

uphill and downhill walking are the same. These two cases are

considered as one.

Let*S0 be the gait stability margin in level walking (i.e.,

slope angle e * 0). The gait stability margin for a walking on a

* . • . . .... . ..
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slope with slope angle 6 becomes

S = (SO -H 
° tan 6). cos 8 (4.2)

The maximum walking height Hm can be determined by setting S = 0.

H =S S tan 8 (4.3)

m 0

For a given body height H, the maximum slope angle is

-l2-
em tan (S /H) (4.4)

Since the minimum body height is H° - RZ, (it is here assumed that

the vehicle belly height is greater than H - Rzo), the maximum slope
0 0

angle for the vehicle is

6 -tan-I (So/(H Rz) (4.5)m 0 

For a precision footing gait, the maximal stability margin can

be obtained by extending the two legs on the downhill side to their

limits. Hence,

J"S

S -P + Rxo/2 (4.6)
0 0 0

This gives 6m = 76.

From Table 3.2, the break-point is R/P 1.22 for = 1/12.

For the hexapod, R/P = 1.2. If only the duty factors between 3/4

and 11/12 are considered, the gait stability margin of a wave gait

is determined by Equation (3.20) alone, and increasing the stroke

would increase the gait stability. Hence, for a hexapod, the gait

stability margin is

' 

o
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Equation (4.7) gives

For P = R =60, S = 40.9 (4.8)

For P = 60, R = 72, S = 43.1 (4.9)

These two values are used to calculate the maximum gradient for each

case. Substituting these values of S0 into Equation (4.5) gives

= 59.60 for P = R and e = 60.9* for R/P '= 1.2.
m m-

The second strategy is to adjust the body attitude. Figure 4.3

shows that the projection of the center of gravity is not shifted if

the body attitude is kept level. Hence, the gait stability margin

is the same as it is in level walking. The body can be fully leveled

only if the slope angle is less than a limiting angle *. From Figure

4.3, this limiting angle m is determined to be

. tan - [Rzo/(L/2)] (4.10)

Substituting the dimensions of the hexapod into Equation (4.10)

gives 4m = 310.

In order that all six legs have the same stroke, the maximum

slope which can be traversed with the body level is that of the line

passing through A and B. This angle *o is

€o tan 1 [Rzo/(2P + Rx) (4.11)

For the ASV, 0 = 14% Let the gait stability margin on the sloping

surface at this particular angle be S', then

S /Cos 0 (4.12)

0j0 0

. .- ,
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C.G.

Figure 4.3: The maximum slope angle with
level body attitude.

Y The distance between the center of gravity and the hypotenuse AB

OC =(H - Rz 12). cos (4.13)
0 0

If the slope angle e is greater than the angle *~,the body can

not be fully leveled. Figure 4.4 shows such a case. The body angle

8' is equal to e The intersection of the Z-axis with the

sloping surface is at point E. This point E is called the geometric

center of the support pattern. Since the support patterns are

symmetric about the lateral body axis which goes through point E,

I ' :p

-- III

..................-



any offset of the center of the gravity should be measured according

to point E.

* -The projection of center of gravity on the sloping surface is

at point D. Hence, the offset of the projection on the slope is DE.

* From trigonometry,

DE =DC -EC

OC *(tan e tan ~)(4.14)

The gait stability margin on the slope, S', is

S' S ' - DE (4.15)
0

and the gait stability margin becomes

S= 5' *Cos e (4.16)

Substituting Equations (4.12), (4.14) and (4.15) into Equation (4.16)

gives

= [S /Cost -0OC (tan e-tan~) .Cos 8 (4.17)

The angle of maximum slope is reached when S becomes zero. This

gives

e tan 1 [(S /Cos .- OC *tan *)/OC] (4.18)
m 0 0

for the hexapod, it becomes

e tan 1  (1.035 11.61)/46.571 (4.19)
m 0
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Figure 4.4: Walking on a slope of a hexapod with reduced body
inclination, e > .

000

or.

Figure 4.S: Walking on a slope of a hexapod by combining body
inclination reduction and lowering of the body.
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For a precision footing gait, substituting Equation (4.6) into

Equation (4.19) gives m = 67.10. For wave gait with 6 = 11/12,
m

e = 49.1 for P = R and e = 50.20 for R/P = 1/2. Comparing these
m  m

with the results of the first strategy shows that the first strategy

is more effective.

Sometimes, both strategies might be combined for walking on a

slope. The body attitude is first adjusted to a desired angle 8'.

The body height is then reduced until the front upper corner of the

walking envelope touches the ground (see Figure 4.5). The new body

height OC is

OC = OE * cos (8-e') (4.20)

- {H - [Rzo (Po Rx /2) * tan (6-8')]) * cos (e-e')
S0 0 0

The geometric center of the gait is at point E, and OE intersects

with OC at an angle e-e'. Hence, by replacing o with e-6' in
0

Equation (4.17), the gait stability margin becomes

S = [S /cos (-6') - OC • (tan 8 - tan (8-8')] * cos e (4.21)

0

4.2.1.2 Walking along a Zero Gradient Line

If a hexapod is walking along a zero gradient line on a slope

with slope angle 8, and the body is kept parallel to the sloping

surface, the projection of the center of gravity is shifted laterally

to the downhill side by a distance H * tan 8. Only if the legs are

kept normal to the surface of the ground. Figure 4.6 shows such a

case.

.S.

° =e '*''*'' 'm * ' 'O- R m °-'. .' '= . .'o " - " . o - S.... .. . . . . . .. . . . - °
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Body Motion

TA

Figure 4.6: Walking on a slope along a zero gradient line
by lowering the body height.

For a precision footing gait, the maximum grade which can be

handled by this strategy occurs when the offset of teprojection of

the center of gravity is equal to W12. That is,

H *tan e W/2 (4.22)

If the body height is lowered to the minimum, Equation (4.22) gives

. . g -. . . . .
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6 tan- (W/(2H)) (4.23)
m

For the hexapod, e = 60.20.

If the legs on the downhill side are fully abducted, the maximum

gradient becomes

6m tan- [(W + Ryt)/2 ]  (4.24)

where Ryt is the lateral stroke on the top of the walking volume.

For the ASV with minimal body height, 6 = 660.
m

For a wave gait, the stability margin on the sloping surface is

S' S - H • tan 6/tan y for H • tan e < W/2 (4.25)

where y is the angle of the boundary which determines the minimal SL

relative to the longitudinal body axis. This can be calculated as

follows:

From the proof of Theorem 6 in Chapter 3, the moment of the

minimal SL of a wave gait is when a rear leg is lifted. For a

hexapod, the foot positions of legs 3 and 6 at the moment leg 5 is

lifted are

P(3) = R/2 - (28 - 1) * R/8 (4.26)

P(6) -P + R/2 (8 1/2) RIB (4.27)

The width of the track is W. Hence, the angle y is

y = tan - [W/[P(3) - P(6)]}

= tan {W/[P + (1/(28) - 1) * R]} (4.28)

'A,
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Since the longitudinal body axis is parallel to the horizontal

plane, S' is equal to S. Hence,

S So - H * tan 6/tan y for H • tan e < W/2 (4.29)

For a given slope angle e, the maximum body height H is
m

H =S ° tan y/tan e (4.30)
m o

Since the minimal body height is H - Rzo, the maximum slope angle

for this case is the minimum of Equation (4.23) and the following

equation

e ' tan [So tan y/(H - Rz )] (4.31)

For a wave gait with 8 = 11/12 and P = R = 60, y = 65.60. Substituting

this value into Equation (4.31) gives em = 75.1. Hence, the maximal

gradability of the wave gait is the same as that of a precision

footing gait. This gives 6m  60.20. If the legs on the downhill

side are fully abducted, e = 66.

The second strategy is to adjust the body attitude. In Figure

4.7a, the body attitude is leveled by extending the legs on one side

and shortening the legs on the other side. The projection of the

center of gravity is kept on the center line. Thus, there is no change

in the gait stability margin. The maximal slope angle on which the

body can be fully leveled is

a= tan l(Rzo/W) (4.32)

For the hexapod, a = 33.7o.

o e
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If the slope angle is greater than a the body can not be fully

leveled. Figure 4.7b shows such a case. The distance apart on the

sloping surface of the foot trajectories is:

W= W/cos a (4.33)0

The geometric center of the support pattern is at point E. The offset

of the projection of the center of gravity is

DE = DC - EC

= OC * (tan - tan ao) (4.34)

.0 and

OC -(H0  Rz o/2) * cos a0 (4.35)

For a precision footing gait, the maximum slope angle occurs

when the offset is equal to W'/2. Hence,

.= tan [(W'12)/OC + tan ao] (4.36)

For the ASV, e = 65.10.

If the legs on the uphill side are adducted and the legs on the

downhill side are abducted the same distance Ryt, the projection of

the center of gravity is moved up a distance Ryt  cos a The

offset becomes

DE =OC (tan - tan ) -(Ry /2)* cos a (4.37)

and OC becomes

!.2- o - - -
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OC= (H° - Rz /2) * cos a° - (Ryt/2) * sin co (4.38)

Setting the right hand side of Equation (4.37) equal to W'/2, the

maximum slope angle m becomes

1

=tan [W'/2+ (Ryt/2) cos cto]/OC tan ct (4.39)

For the ASV, e = 760.
m

For a wave gait, the gait stability margin on the slope is

S' = S' - DE/tan y (4.40)

where y is the angle of the boundary which determines the minimal SL

relative to the longitudinal body axis. For 11 = 1/12 and P = R = 60,

substituting W' into Equation (4.28) gives y = 72. Since the

longitudinal body axis is parallel to the horizontal plane, S = S'

and S = S'. Hence, the gait stability margin is
00

S s - DE/tan y for DE < W'/2 (4.41)

Substituting for DE from Equation (4.34) into Equation (4.40) gives

e = tanI (S • tan y + OC • tan ao)/OC] (4.42)

The maximum slope angle is the minimum of the values given by

Equations (4.36) and (4.42). For the ASV, Equation (4.36) gives

e = 75.3. Hence, the maximum slope angle is equal to that of a

precision footing gait. This gives 6 - 6S.1. Similarly, if the
m

legs on both sides are abducted and adducted to the downhill side the

same distance Ryt/2, the maximum slope angle becomes 6 * 76.t m

, ° . . ° .• •. . . . . , . . . .. . . . . .. .
.. . ". ,.'. ,. .... ,.. '..• ,. ; .. ,-,.,,'.',, ." , ,--,.- .-.-. , ,".'. ".. ,, -,. ,, -,.. ,. - .,.. .- - .,..-.
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4.2.1.3 Relationship to the Walking Volume

The gradability of each case calculated in the previous sections

are tabulated in Table 4.1.

Table 4.1

Gradability of the ASV

First strategy Second strategy

Along a PFG 76.0 °  67.0-
maximum WG P a R 59.60 49.1*
gradient WG R/P = 1.2 60.90 50.2"
line

Along a PFG normal 60.20 65.1.
zero PFG ab/ad 66.00 76.00
gradient WG normal 60.20 6S.1•
line WG AB/ad 66.0 °  76.0"

PFG precision footing gait
WG : wave gait with 8 = 11/12
ab/ ad: abduction! adduction

In the case of walking along a maximum gradient line, the first

strategy, which is to lower the body height, is more effective than

the second strategy, which is to adjust the body attitude. By

examining the related equations, it is concluded that the gradability

using the first strategy is very closely related to the minimal body

height H - Rz and the stability margin. The gradability using the
0 0

second strategy is very closely related to the minimal body height,

the stability margin and the angle 0o' which is defined in Equation

(4.1).-

S*.".
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For a precision footing gait, the stability margin is determined

by P0 and Rx. Increasing either of these two values would increase

0 0

the stability margin. For a wave gait, the gait stability margin

depends on Po, Rx and the ratio R/P. It can be optimized

according to Table 3.2.

If Jo increases, the gradability given by the second strategy

increases too. The angle o is only 140 for the ASV. This is the
0

reason that the second strategy gives smaller gradability. o can
0

be increased by increasing Rz or by reducing P or Rx o, The
0 0 0

reduction of P or Rx0 has negative effect in stability. Hence, the

best way to increase is to increase Rz
0 0

In the case of walking along a zero gradient line, the first

strategy has the same effect as the second strategy on gradability.

The gradability given by the first strategy depends on the minimal

body height and the stability margin. The gradability given by the

second strategy depends on the minimal body height, the stability

margin and the angle ao , which is defined in Equation (4.32).

For a precision footing gait, the stability margin is determined

by the distance between the foot trajectories on the two sides of the

-' vehicle. For a wave gait, the gait stability margin is determined by

P Rx and the ratio R/P. The reduction of the longitudinal
00

stability due to the offset of the projection of the center of gravity

depends on the angle y, which is defined in Equation (4.28). Since y

is very large for a large duty factor, the wave gait has the same

gradability as the precision footing gait.

7°

• . -. ...

a . . .-. -
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The angle ao has the same effect on gradability as 0 in the

previous case. Since a is 33.7* for the ASV, it causes the second
0

strategy to give a greater gradability.

4.2.1.4 Walking in an Arbitrary Direction

In practice, a walking machine will not usually go uphill or

downhill along a maximum gradient line. At this time, the projection

of the center of gravity has offsets in both the longitudinal and

lateral directions.

Figure 4.8 shows a walking machine walking in an arbitrary

direction on a sloping surface with slope angle e. The body is

kept parallel to the sloping surface. 0 is the center of gravity.

G' is the projection of 0 on the sloping surface. 0' is the intersec-

tion of the Z-axis and the sloping surface. If there is no abduction

or adduction of the legs, 0' is the geometric center. X' and Y' are

two coordinate axes with the origin at 0' and are respectively parallel

to the X-axis and the Y-axis of the body reference frame. 6 and e
x y

are the angles of X'-axis and the Y'-axis relative to the horizontal

plane respectively. lp is the angle between the maximum gradient line

and the X'-axis. ax , ay and a2 are the angles between the direction

of gravity and the X-axis, Y-axis and Z-axis respectively.

From the above discussion, the longitudinal gait stability

margin of a periodic gait on the sloping surface is

S = S /Cos - Ex - Ey/tan y (4.43)
0 x

and the gait stability margin is

• , . . .. .- ?. . . ., - . . - . ,'. %* . " '* . - , -* *, *.,-- .... .. , n S . 4*S.° * ' .°. * .
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xY

0h

Figure 4.8: Walking on a slope in an arbitrary direction.

Si ' S, Cos e(4.44)

where Ex and Ey are the two components of the offset of the projection

of the center of gravity relative to the geometric center in the

V Y' coordinate system. From trigonometry,

Ex SGX H* tang a Cos* (4.45)

Eyu SCY *H *tan a sin4 (4.46)



-. -- .iu~i Nj I l~-. .

164

where SGX= 1 if C < t/2, and SGX= - if a > w/2K _ x.-.

SGY= 1 if < 7/2, and SGY= - if a > 7/2
y - y

If ax, ay z and i are known, Ex and Ey can be calculated. Substi-

tuting these values into Equations (4.43) and (4.44), the gait

stability margin can be found. The following shows a way to calculate

these angles:

Given the angle a x between the direction of gravity and X-axis

and the angle a between the direction of gravity and Y-axis, they

third angle az can be calculated according to the directional cosines.

cos 2 a + cos 2 cy + cos 2 a (4.47)

It is assumed that the machine will have a vertical gyro, or other

instrumentation, to enable at least two of ax, ay and az to be

measured. This gives

z = cos " [(1 - cos 2  - cos2 ay)I/2] (4.48)

Figure 4.9 shows the relationship of these angles. 0 is the center

of the gravity of the machine. A and C are the respective intersections

of the X and Y axes with a zero gradient line. D is the projection of

0 on the horizontal plane which contains line AC. BO is the maximum

gradient line. Since the X-Y plane is parallel to the sloping surface,

and the Z-axis is perpendicular to the sloping surface, from

trigonometry

OL z .6 r/2 =6 *8 (4.49)pz

This gives

.° .
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Ilw

figure 4.9: Relationship of angles for-walking on a slope.

=EZ e (4.50)

This indicates that a z is equal to the slope angle whenever the body

is kept parallel to the ground. Similarly,

6 ax rr/ (4.51)
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a - 7r/2 (4.52)
y y

From trigonometry,

sin 8x = OD/AO (4.53)

sin 8 = OD/BO (4.54)

Dividing Equation (4.53) with Equation (4.54) on both sides gives

sin 6 -x BO "
sn cos (4.55)Tsin e AO-

Substituting Equation (4.50) and (4.51) into Equation (4.55)

gives

- sin( - f/2)
=COS sin a ) (4.56)

sin

This completes the calculation.

4.2.2 Walking on a Slope by Adjusting the Beginning and the End of

the Stroke

A walking machine can increase its gait stability by adjusting

the positions of beginning and end of the stroke relative to the body.

Since the general equations for walking on a slope along a maximum

gradient line, along a zero gradient line or in an arbitrary direction

have been derived in the last section, the improvement in stability

given by this strategy can be sutstituted into the proper equations

according to the walking conditions. Hence, the study in this section

is concentrated on the improvements of the gait stability margin given
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by different methods.

The adjustment of the beginning and the end of the stroke

includes the following four methods: the adjustment of the stroke

only, the adjustment of stroke pitch only, the adjustment of both

stroke and stroke pitch simultaneously and the shifting of the centers

of the strokes. In order to have these adjustments, the walking

machine must have overlap between the walking envelopes of adjacent

legs. The overlap between two adjacent envelopes is Rx 0 P 0

The first method is to adjust the stroke only. Since higher

stability is required for walking on a gradient, a higher duty factor

is expected to be used. From Table 3.2, for 8 > 3/4, increasing

stroke would increase stability. From Equation (4.7), the gait

stability margin of a wave gait with maximum stroke Rx0 is

S= P /2 + (1 3/(48)) * Rx (4.57)"-"0 0 0..

The second method is to adjust the stroke pitch only. If the

stroke is kept to be equal to Po' the maximal stroke pitch is

(Rx - P )/2. The gait stability margin becomes
0 0

S= [P 0 + (Rx - Po)/2]/2 + (1 - 3/(46)) P 0 (4.S8)

The third method is to increase Rx and P simultaneously. If

Rx = P, the maximum value of Rx and P become

Rx = P = (2P + Rx )/3 (4.S9)

Substituting this value into Equation (4.7) gives

'-

:~ ~~~ ., -. : -. ,....... .. . . . , -. :... . .. , ......,. ...., .,,, , , ,,.... ,,,,
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So  (2P° + Rx 0o)/6 + (1 - 3/(48)) * (2P + Rx )/3

(1 - 1/(28)) P + (1/2 - 11(48)) Rx (4.60)
'-0 0

Subtracting Equation (4.60) from Equation (4.57) gives

AS = (I/ - 1) * (Rx - P )/2 (4.61)
o 0

Since 8 < 1, Rx0 > P0 , AS > 0 always. Hence, the third method gives a

better improvement in stability than the first method.

Subtracting Equation (4.58) from Equation (4.60) gives

AS= (I/ - 1) - (Rx° -Po)/4 (4.62)

Again, AS > 0 since a < 1. Hence, the second method gives the best

improvement in stability of these three. The improvement of the

stability of the second method is (Rxo - P )/4.
00

The fourth method is to shift all the centers of the strokes to

the downhill side. The improvement in stability is due to the

reduction of the offset in the longitudinal direction. Figure 4.10

shows that the maximum shifted distance is (Rx - P )/2. If the

longitudinal offset of the projection of the center of gravity is

greater than this value, the improvement of the gait stability margin

on the sloping surface is also (Rx°0 - P0)/2.

The fourth method has double the improvement of that of the

second method. Hence, the fourth method is the most effective. In

order to understand the extent of the improvement, the gradability

of the fourth method is calculated as below.

Assume that the vehicle is walking along a maximum gradient line.

The gait stability margin of a wave gait with 8 = 11/12 with P = Rx =60

is 40.9 inches. After the centers of the strokes are shifted, the

.........................

U
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Figure 4.10: Walking on a slope by shifting the centers of strokes
to the downhill side.

equivalent gait stability margin on the slope becomes 46.9 inches.

Substituting this value into Equation (4.5), the gradability obtained

by lowering the body height is 6ma 62.9'. Substituting this value

into Equation (4.19), the gradability obtained by leveling the body

attitude is e a52.10. Conparing these values to the results in

Table 4.1, the improvement is about 2. If the vehicle is walking

along a zero gradient line, the strategy in this section has no effect

on the gradability since the gradability is determined by the lateral

stability margin.

4. . 5 * .... 4 ~~. \ . . .o a
.b*a \ °...* °*.a
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4.3 Ditch Crossing

An idealized ditch was shown in Figure 4.1b. It is completely

described by one parameter, d, which is the width of the ditch. The

land on the two sides of the ditch is assumed to be on the same level.

The bottom of the ditch and the vertical wall are considered as

forbidden regions.

Generally speaking, there are two methods for a walking machine

to cross a ditch. If the ditch width is relatively narrow, a walking

machine can cross it with a periodic gait. An example of this

method was shown in Figure 3.30. If a ditch is wider than can be

handled using a periodic gait, a large obstacle gait (LOG) should

be used. In the following, ditch crossing using periodic gaits is

studied first. A general introduction of the obstacle crossing with a

LOG is then given. Finally, ditch crossing with a LOG is studied.

4.3.1 Ditch Crossing with a Periodic Gait

The continuous FTL gaits and the dexterous wave gaits are the

two periodic gaits which are suitable for ditch crossing. An example

of a ditch crossing with a continuous FTL gait has been shown in

Figure 3.30. In the example, the vehicle adjusts its footholds a few

steps before the ditch so that one of the front legs would step on

the edge of the ditch. The other front leg is then stretched to

step on the far side of the ditch. Since the two front legs do not

fall into the ditch, the rest of the legs will not fall into the ditch

because they follow the steps of the two front legs.

•* .S %
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The maximal width can be crossed by this method is O.SX + AV,

where Af is the front adjustability. For a = 2/3 and P/R a 1.2,

Af a 0.25R. Since X - R/B, the maximal ditch width for this particular

case is R, which is 60 inches or S feet for the ASV. If the ditch

width is less than 0.5\, the vehicle can cross it without extending

its front leg. The value of O.SA for different duty factors are given

in Table 4.2. It shows that the smaller the duty factor is, the wider

the ditch which can be crossed.

Table 4.2

Maximal ditch width can be crossed by a
periodic gait in normal walking mode.

duty factor ditch width
8 0.5A

1/2 R
2/3 (3/4)R
3/4 (2/3)R
s/6 (3/S)R
11/12 (6/11)R

For a wave gait, if the middle legs are abducted a foot width

during walking, the footprints would be like those in Figure 4.11.

This is almost like the footprints of a continuous FTL gait except

that each footprint is doubled. The longitudinal distance between

footprints of each pair of legs is also O.SX. If the wave gait is

modified into a dexterous wave gait to possess some adjustability

in the legs, it can cross a ditch just like a continuous FTL gait.

The vehicle adjusts its front legs so that one front leg would step
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on the edge of the ditch. The other front leg is then stretched to

cross over the ditch. The maximal ditch width which can be crossed

is also O.S + Af. However, the adjustability Af is different from

that of a continuous FTL gait.

i N

Figure 4.11: Footprints of dexterous wave gait.

Other dexterous periodic gaits may also be used for ditch

crossing. However, the control algorithm is more complicated because

all legs have different footprints. The maximal width which can be

crossed will be less than that of the two gaits mentioned above.

4.3.2 Introduction to Large Obstacle Gait (LOG) t

4.3.2.1 Programable Features of LOGs

The gait used by a walking machine to cross large obstacles is

called a large obstacle gait (LOG). Usually, similar LOG; are suitable

. .. .
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for one type of obstacle. If LOGs used to cross different sized

obstacles of the same type share the same motion characteristics,

and these characteristics are simple and well defined, this LOG can

be automatically generated by a computer program. Hence, an obstacle

crossing may be performed according to a pre-implemented program which

only receives limited information, such as ditch width, from the human

operator or a vision system. One example of these motion characteris-

tics observed in ditch crossing were presented in reference [52] and

are summarized below.

Referring to Figure 4.12, the whole motion of a complete ditch

crossing can be catagorized into three motion cycles. In each motion

cycle, the hexapod repeats the following four similar movements:

1. Movement of the body to bring the center of
gravity forward of the middle feet.

2. Movement of the rear legs accompanied by
further body movement.

3. Movement of the middle legs.

4. Movement of the front legs accompanied with body
movement.

It was also noticed that the rear to front cycle is similar to

the rear to front cycles found in optimally stable wave gaits. (The

only difference is that the opposite legs are in phase rather than

1800 out of phase in a wave gait.). Moreover, the most interesting

feature is, similar motion cycles can be found in other kinds of

obstacle crossing such as in a short vertical step crossing. These .4

motion features, like other common features found in legged locomotion,

may be implemented into a program. Based on the study of obstacle

• 1%
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crossing presented in [52,53,54] and in this chapter, accompanied with

more further research, it is expected that many LOGs will be fully

automated in the near future.

However, at the present time, due to the complexity of the terrain

condition and the safety requirement, the human operator should have

control of each foot placement as well as each body motion. A possible

application of the common motion features is shown as follow: The

human operator selects a pre-programned LOG for the obstacle in front

of the vehicle. Then he enters some necessary information. The

program then suggests a motion to perform the selected LOG. The

human operator then decides either to accept it or to adjust it

according to the specific terrain condition before the execution.

4.3.2.2 General Approach to Formulize a LOG

A complete obstacle crossing is to move the vehicle entirely a.'"4.

from the present plane to the destination plane. (Some obstacles,
such as the isolated walls, have a middle plane between these two

ma.

planes.). For the convenience of study, a complete obstacle crossing

maneuver of a hexapod is divided into three successive phases. In -

each phase, one leg pair is transferred from the present plane to the

destination plane. The first phase starts from the initial position

on the present plane and ends at the placements of the two front legs

on the destination plane. The second phase starts from the completion

of the front-leg placements and ends at the placements of the two

middle legs on the destination plane. The third phase starts from the -."

completion of the middle-leg placements and ends at placements of the

.. .. -, .*.- ....... . .. . . ..% .. .. ... .:... : .....-. .% .. . ... .. .. :.. , .. .. .o .. ......i!* - a:'. : ; i' ...' ,...< ,° a. , - . ,', .., .. ,....,
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two rear legs on the destination plane. This is demonstrated in the

following example of ditch crossing:

Referring to Figure 4.12, the-initial position is that in which

all six legs are at their mid-positions with the front feet at the

edge of the ditch. The first phase includes sequences 1 through 4.

The second phase includes sequences 4 through 7. The third phase

includes sequences 7 through 10. At sequence 10, the ditch crossing is

considered to be completed. The rest of the movements, sequences 11

and 12, are to restore the legs to be at their mid-positions.

In general, the legs are moved by pairs in each phase. Each pair

of legs are moved simultaneously in principle, although a human operator

would, using the planned control modes, move them sequentially. This

type of paired leg motion is not only simple for analysis, it is also

very effective [53]. Paired leg movements are used by insects when

crossing obstacles [54].

It is helpful to define the foot range and the corner distance

for further study and discussion. The foot range is the maximal

distance which a pair of legs can be extended with the help of the

body motion while the other legs remain on the ground and maintain

statical stability. This maximal distance is measured from the edge

of the present plane. Hence, the foot range depends on the positions

of the legs on the ground, which is called the foot conditions. The

maximal foot range is obtained if the legs which are on the ground are

optimally placed. In the following, foot range is used to indicate

the maximal foot range for conveniency.

d%
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The corner distance is the distance of the position of a leg

relative to a corner of the obstacle. This corner can be the edge of

either the present plane, the middle plane, or the destination plane.

In the following discussion, corner distances are used to define the

foot positions.

A general approach to definition of the maximal mobility over an

obstacle is to find out the foot range of the transferring leg pair and

the corresponding foot conditions in each stage. The maximal mobility

is the minimal foot range of these three phases provided that the legs

can be placed to satisfy the corresponding foot conditions. If there

is any difficulty in fulfilling the foot conditions, the foot range

should be modified according to the available foot positions. Then

the maximal mobility becomes the modified foot range. This general

approach will be demonstrated in many examples.

4.3.3 Ditch Crossing with a LOG

The general approach in the last section is applied to find the

maximal ditch crossing ability. The three foot ranges with their

corresponding foot conditions are defined first.

If the body of the hexapod is kept level, the three foot ranges

are shown in Figure 4.13. Figure 4.13a shows the foot conditions of

the front-foot range. The middle legs step on the edge of the ditch

and the rear legs step a distance about P behind the middle legs. .,-

0

Then the center of gravity is brought right behind the middle legs.

The range is P + Rx /2. The rear-foot range is also R + Rx /2. This
0n0 0

can be visualized by reversing the body motion in Figure 4.13a.

. ......
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Figure 4.13b shows the foot conditions of the middle-foot range.

The front legs and the rear legs step on the two sides of the ditch

separately. The distance between them is 2P The range of the

middle feet is P + Rx

Therefore, the maximal ditch which can be crossed by the hexapod

is the minimum of these three foot ranges provided the foot conditions

of the front-foot and the rear-foot ranges can be fulfilled. The

following shows how the hexapod place its legs to satisfy foot conditions

in three phases. In each phase, the :,rs are placed to satisfy the

foot conditions first, then one leg pair is extended to place on the

far side of the ditch with the help of the body movement.

In the first phase, the body is moved forward so that the center

of gravity is brought over the moddle legs, and the rear legs are lifted

and placed alongside the middle feet. The middle legs are then lifted

and placed alongside the front feet. This accomplishes the foot condi-

tions of the front-foot range. The body is then moved forward and the

front legs are extended and placed on the edge of the far side.

In the second phase, the body is moved forward again and the

center of gravity is brought over the middle legs. The rear legs are

then lifted and placed alongside the middle feet. This fulfills the

foot conditions. The body is then moved forward and the middle legs

are extended and placed on the far side of the ditch. In this phase,

the front and rear legs do not have to be placed exactly according to

the foot conditions because the middle-foot range is more than needed.

In the third phase, the front legs are lifted and placed at a

distance P in front of the middle legs. The body is then moved

0.o . .
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forward and the center of gravity is brought ahead of the middle legs

to satisfy the leg conditions. The rear legs are then lifted and

placed alongside the middle feet with the help of body movement.

Since there is no difficulty fulfilling the foot conditions of the

minimum range, P + Rx /2 is the maximum ditch width. For the ASV,
u0 0

the maximal ditch width is 96 inches or 8 feet.

- .

Figure 4.14: Ditch crossing by tilting the body attitude.

°,

If thle body is tilted so that the bottom corner of the body

touches the ground (see Figure 4.14), both the front-foot range and

, I

r .-
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the rear-foot range become

BC = (P + Rx /2)/cos 0 + [H - (P Rx /2) " tan e]• sine(4.63)
0 0 0 0 0

where

e tan [Rz/(L/2 P 1 (4.64)
S0 Rx/2)]

For the ASV, 6 = 1S.3 ° and BC = 111 inches. Since the middle-foot

range remains the same as P + Rx = 132 inches. The maximum ditch0 0

width which can be crossed by this method is 111 inches or 9.3 feet.

Comparing this to the maximum ditch width above, the improvement is

significant. The motion sequence for this method is similar to that

in Figure 4.12.

4.3.4 Relationship to Walking Volume

From the above discussion, the ditch crossing ability can be

increased by increasing both the front-foot and the rear-foot ranges.

One effective way to do this is to increase the stroke pitch while

keeping the stroke the same. Another way is to increase the strokes

of the front legs and the rear legs in the front and rear directions

respectively.

A small overstroke is required for the legs to be placed

alongside the adjacent feet. But a large overstroke does not help in

increasing the ditch crossing ability.

.
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4.4 Vertical Step Crossing

A configuration of a vertical step was shown in Figure 4.1c. It

is fully defined by one parameter V, which is the step height. The

vertical step crossing is more complicated than a ditch crossing.

According to the general approach, the foot ranges in the vertical

direction, which is called the vertical ranges in the following,

in which the three phases and their foot conditions are studied first.

Then the motion between these foot conditions is studied. The case of

stepping down is also studied. Finally, the relationship between

vertical step crossing ability and the walking volume is discussed.

."a

4.4.1 Vertical Ranges

Figures 4.15 and 4.16 show the two conditions of the front-foot

vertical range. The body is tilted by an angle 0. The angle y is

the angle of a line which passes through point 0 and a bottom corner

of the walking envelope of the middle leg relative to the body Z-axis.

Hence,

y = tan 1 [(Rx/2)/] (4.6S)

For the ASV, y 26.5.

Figure 4.15 shows the case of 6 > y. The center of gravity falls

behind the middle legs. The vertical range is V1. In order for V1 to "

be maximized, the middle legs are fully extended and placed at a corner

distance Cml from the corner C. The subscript "ml" denotes the middle

legs and the first phase. The rear legs can be placed anywhere behind

the projection of the center of gravity, N. Hence, Crl = CN.

."q
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From trigonometry,

V AF* sin(O +4€) (4.66)

Cml= AF • cosCe + *) (4.67)

where
-1o

*=tan [Rzo/(P 0 Rxo)) (4.68)

AF = Rz /sin * (4.69)

For the ASV, * = 20° and AF = 140.4.

CN= Cml OF sin(e-y) (4.70)

Hence,

I

C a Cl + (Ho/cos y) • sin(8 - y) (4.71)

The maximal body angle 9m occurs when the bottom corner of the body

touches the ground.

em = tan- [2Rz/(L- Rx)] (4.72)

For the ASV, em  .47.5o

Figure 4.16 shows the case of e < y. The center of gravity is

right behind the middle legs. The vertical range and the corner ,e

distances are I,.

VI - AN • sin(e + a) (4.73)

C 1 - AN cos(B + c ) (4.74)

.....
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Crl AN • cos(e + a) (4.75)

where

%*1

a = tan [Rzo/(P 0  Rxo0/2 + H 0 tan 8)] (4.76)

AN a Rz /sin CL (4.77)
0

A set of V and Cml for different body angles is given in

Table 4.3. From this table, increasing e would increase V1 and

decrease Cml. (In the range of 6 < 15", Cmi is increased when 6 is

increased. However, C i is very large in this range and does not

constrain the leg placement.). For a given step Vi a if the middle

legs are placed outside CmI, the front legs can never reach the upper

corner. If the middle legs are placed within Cmi, the front legs can

still reach the upper corner. However, the body angle will be greater S'-

than the 6 corresponding to the given VI.

Figure 4.17 shows the conditions of the middle-foot vertical

range. The front legs are placed at the upper corner A. The middle

legs are moved up to be placed at A. The center of gravity is between

the upper corner A and the rear legs. From trigonometry,

V AP • sin(e + *) (4.78)

Cr2 = AF • cos(O + *) (4.79)

where * and AF were defined as in Equations (4.68) and (4.69)

respectively. Notice that these two equations are the same as

Equations (4.66) and (4.67) respectively. In order to keep the rear

,...,-.....,....,....,...,... ,.....,......,...-.....-..-;..- ., .• ,, ., ,,,.".., , ... ,,,
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Figure 4.17: Middle-foot vertical range.

legs behind the center of gravity, the following relationship has to

be kept.

Cr > OA *cosCO - 6) (4.80)

where

6 tan- [2(H0 -Rz )Rx) (4.81)
0 0

OA -Rx fC2cos 6) (4.82)

For the ASV, 6 *33.7* and OA u43.3. The maximal body angle e0

m%
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occurs when C 2 = OA • cos( - 6). 'For the ASV, 8m m 3°

A set of V 2, Cr2 and OA * cos(6 - 6) is given in Table 4.3.

Similar to the front-foot range, when 6 is increased, V2 increases and

Cr2 decreases. Hence, if the rear legs are placed outside Cr2 the

middle legs will not reach the upper corner. If the rear legs are

placed within Cr2 , the middle legs can reach the upper corner-with a

body angle which is greater than the 6 corresponding to the given V2.-

i- C----- ---

Figure 4.18: Rear-foot vertical range.

When the center of gravity passes the upper corner point A, the

rear legs can be lifted and placed on A by leveling the body and
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moving the body forward. Hence, the rear-foot vertical range is the

distance V3 when the center of gravity is above the upper corner and

the rear legs are fully extended. Figure 4.18 shows the conditions of

the rear-foot vertical range. From trigonometry,

V3  AF • sin(e + a) (4.83)

Cr3 =AF cos(E+ a) (4.84)

where

a tan-' Rz 0/[P° + Rx /2 - (H - Rzo) 0 tan e]} (4.85)

AF = /sin a (4.86)
0

The maximal body angle 8m occurs when Cr3 a 0. For the ASV, 8 = 53o.

The front legs should be placed outside the corner distance c in

order to be kept within their walking envelopes.

Cf3 2 ((H 0 -Rz) tan 0  -Rx/2]/cos (4.87)Of3 0 [0H - 0) •tn0+P x

Compare Figure 4.18 with Figures 4.17 and 4.15. For the same

body angle e, the vertical range of the third phase is less by a

distance DA • sin 0 where

DA Rx/2 +(Ho -Rz) tan 6 (4.88)
o 0

Hence, the rear-foot vertical range is the smallest of the three

vertical ranges.

A set of V3 , Cr3 and Cf3 for different e is listed in Table 4.3.

Unlike the front-foot and the middle-foot vertical range, when 0 is

S..',

. S" S.o
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increased, the rear-foot vertical range reaches a maximum value of

85.5 at e = 40, then it decreases afterward. Since a smaller body

angle is preferable, only the range of e < 40° should be used. Hence,

the rear legs should not be placed within a corner distance 27.3

inches. For a given vertical step V3., if the rear legs are placed

outside Cr3, the center of gravity can never pass the upper corner.

If the rear legs are placed between Cr3 and 27.3 inches from the

corner, the center of gravity can pass the upper corner with a body

angle which is greater than the 6 corresponding to the given V3."

Table 4.3

Vertical ranges and corner distances of all
three phases in vertical step crossing.

V1  Cml Crl V2 Cr2 A-co s  V3 r3 f3

0 48.0 96.0 96.0 48.0 131.9 36.0 48.0 96.0 24.0
10 66.1 98.7 98.7 70.2 121.6 39.6 63.2 82.0 28.7
15 76.2 98.9 98.9 80.5 115.0 41.0 69.5 74.1 31.5
20 86.9 98.4 98.4 90.2 107.6 42.0 74.9 65.6 34.8
25 98.3 97.1 97.1 99.3 99.3 42.8 79.3 56.6 38.8
26.5 101.8 96.6 96.6 101.8 96.6 43.0 80.4 53.8 40.2
30 107.6 90.2 95.2 107.6 90.2 43.2 82.6 47.1 43.7
35 11S.0 80.5 92.4 115.0 80.S 43.3 84.7 37.3 49.8
40 121.6 70.2 89.0 121.6 70.2 43.0 85.5* 27.3 57.6
45 127.2 59.3 84.9 127.2 59.3 42.5 84.8 17.0 67.9
47.5 129.7* 53.7 82.6 129.7 53.7 42.0 83.9 11.8 74.3
50 --- --- --- 131.9 48.0 41.6 82.5 6.6 81.8
53 --- --- 134.3* 41.0 40.9 80.1 0.3 92.8

= maximum V

From Table 4.3, the maximal vertical step which can be crossed

by the ASV is determined by V3. If there is no difficulty in fulfill-

ing the foot conditions, the maximal vertical step which can be crossed

by the ASV is 85.5 inches or 7.1 feet.

j%.........
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4.2.2 Leg and Body Motion

The leg and body motion in a complete vertical step climb is

studied in an example. A body angle e = 300 is chosen to climb up a

vertical step. According to Table 4.3, the three vertical ranges at

e * 30* are V1 = V2 = 107.6 inches and V3 * 82.6 inches. Hence, the

maximal vertical step which can be crossed is 82.6 inches.

Figure 4.19 shows a lateral motion sequence of a hexapod

climbing up a 86.2 inch step with 30* body angle. The first phase

includes sequences 1 through 4. The second phase includes sequences 4

through 7. The third phase includes sequences 7 through 12. After

sequence 12, the rear legs can be lifted and placed on the upper corner

by leveling the body and moving the body forward. The vertical step

climbing is considered to be completed at this stage. The rest of

motion is to replace the legs at ready positions.for the next movement.

During the motion at these three phases, legs are moved in pairs.

Each pair of legs are moved simultaneously as long as such a movement

would not cause static instability. If a paired movement would result

in instability, alternating short steps may be used.

In this example, corner distances at e - 30* are used for the

placement of the feet. According to Table 4.3, the minimal body angles

corresponding to the step height at phases 1 and 2 are about 20* and

18* respectively. Cml and Cr2 of the step height are longer than the

C1 and Cr2 of e - 30. Hence, if the legs are placed at C*l and Cr2

of 30, they are automatically within the Cml and Cr2 of the step

height. Crl is usually trivial because the available foot positions

o-4
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of the rear legs are usually outside the range of Crl at the first

phase.

Sequence 1 shows the initial position of the hexapod. The initial

position is that all the legs are in their mid-positions and the center

of gravity is slightly ahead of the middle legs, and there is some

clearance between the front end of the vehicle and the wall to avoid

any interference between the two when the vehicle is tilted. The

rear legs are lifted and placed outside the corner distance Cr. A
rl'

place with 152 inches corner distance is chosen for the placement.

Sequence 2 shows that the middle legs are lifted and placed at a

corner distance of C = 90.2 inches. Then the body is tilted to a 30°
ml

body angle. The body is moved back-upward so that the bottom corner of

the body would not touch the ground.

Sequence 3 shows that the body is moved forward along a 30'

direction. The front legs are lifted and placed at the upper corner

of the step. -

In sequence 4, the front legs are placed at the upper corner.

Notice that the front legs are not fully lifted and the body has not

reached its motion limit yet. This is because the step height is less

than V1 of e = 30% This completes the first phase. Now the legs

should be re-placed to satisfy the foot conditions for the second phase.

Since there is little stroke left in the middle legs and the rear legs,

the body is moved forward to bring the center of gravity ahead of the

middle legs.

Figure 4.20 shows a criterion to check whether this is feasable

or not. If L > LI , the center of gravity can be brought ahead of the

2 .
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middle legs by adjusting the body height, which is H/cos e. If L2 < L1
I1'

the body angle has to be reduced until L2 > L If the vehicle can not

bring the center of gravity ahead of the middle legs, a tetrapod walk-

ing mode, which will be discussed shortly, should be used to move the

rear legs to a corner distance of C 2 .

/7/

Figure 4.20: A criterion of tetrapod walking mode at the second phase.

Sequence 5 shows that the center of gravity is slightly ahead of

the middle legs and the rear legs are lifted and placed alongside with

.-:"L 2.',, "'

/ * ( .e . .g * "*' ** ':.
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the middle feet since Cr2 = Cml,

Sequence 6 shows that the body is moved upward along a 30°

direction and the middle legs are lifted and placed alongside the front

feet at the upper corner of the step.

Sequence 7 shows the completion of the second phase. The body

is then moved forward to prepare to meet the foot conditions for

the third phase.

In sequence 8, the two rear legs can not be moved at the same time

because of stability. A tetrapod walking mode is used to place the

rear legs at the corner distance C r3. In a tetrapod walking mode, one

leg is moved at a time through a limited distance to maintain stability. .. -.

The body may be simultaneously moved to bring the center of mass

forward if other legs are not at the limits of their stroke. Hence,

the rear legs can not be placed at the corner distance C directly.
r3

The rear legs are lifted and placed as forward as possible without

causing instability. The front legs are lifted and placed at a place

outside the corner distance Cf3 -

A detailed description of the tetrapod walking mode from sequence

-* 7 through sequence 12 is given in Figure 4.21. This tetrapod walking

mode can be avoided only when the middle legs can be placed within a

corner distance of Cr3 + (Rx - P )/cos 8 while the center of gravity
r o 0

is ahead of C3. At this time, the rear leg can be placed directly

at Cr3 This may happen when 6 is small and Cr3 is relatively large.

Sequence 9 shows that the body is moved forward along a 30°

direction until the rear legs reach their limits.

.%*. * . . . . . . *

2 . *.
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Sequence 10 shows that the rear legs are lifted and placed at

the corner distance Cr3 alternately in a tetrapod walking mode.

Sequence 11 shows that the rear legs are at the ready positions

for the rear-leg placement. The body is moved upward along a 30*

direction until the center of gravity passes the upper corner.

Sequence 12 shows that the center of gravity has already passed

the upper corner. The body is leveled and moved forward, and the rear

legs are lifted and placed on the upper corner. This completes the

third phase and also the vertical step climb.

4.4.2.1 Tetrapod Walking Mode

When a hexapod has only four legs which are effective in maintain-

ing stability, (the other two legs are either in the air or in posi-

tions which do no affect stability), the hexapod can still be moved by

these four legs. The method for such a movement is called the tetrapod

walking mode by Wang [51]. Succesive support patterns of the tetrapod

walking mode used in sequence 7 through 12 in Figure 4.19 are shown in

Figure 4.21. The same labels are used to indicate the corresponding

motion sequence.

In pattern 7, the middle legs are placed alongside and outside

the front feet. The body is moved forward. The dashed lines indicate

the support pattern.

In pattern 8a, the left rear leg is lifted and placed as

forward as possible. The dashed-dotted line is the rear boundary after

the rear leg is lifted. The placement should ensure stability while

the right rear leg is lifted in pattern 8b.
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In pattern 8b, the right rear leg is lifted and placed at the

same corner distance as the left rear leg. Paterns 8a and 8b are
.n;

considered one step of tetrapod walking mode.

In pattern 9, the body is moved forward as much as possible so

that the rear legs can be moved further.

In pattern lOa, the left rear leg is lifted and placed at the

corner distance cr3. In pattern lOb, the right rear leg is lifted

and placed at the same corner distance.

In pattern 11, the body is moved forward to bring the center of

gravity ahead of the upper corner of the step.

In pattern 12, the foot conditions for the rear-leg placement are

fulfilled and the body is moved forward and leveled to complete the

third phase.

Hence, it takes two tetrapod steps to mcve the rear legs to a

corner distance of Cr3. The number of steps depends on the positions

of the rear legs and of the center of gravity. The farther these

positions are from the corner, the more steps are needed.

4.4.2.2 Tetrapod Walking Mode With Lateral Body Motion

Sometimes, the body is moved in a lateral direction in order to

increase the step length in a tetrapod walking mode. Figure 4.22

shows that the same motion as that in Figure 4.21 can be completed in

one tetrapod step with the help of lateral body motion. Both the

lateral motion sequence and the successive support patterns are shown.

Sequences 1 through 6 in Figure 4.22 can replace sequences 7 through

*" 12 in Figure 4.20.

I
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Sequence 1 shows that the middle legs are placed alongside and

inside the front legs at the upper corner of the step. The body is

moved forward until it is against the upper corner.
-o

Sequence 2 shows that the right rear leg is lifted and adducted,

then is placed at the corner distance C r3. The two front legs are

lifted and placed outside the corner distance Cf3. Notice that the

middle legs are not abducted or adducted so that a maximal lateral

body motion can be performed.

Sequence 3 shows that the body is moved to the left to increase

the stability margin after the left rear leg is lifted.

Sequence 4 shows that left rear leg is lifted and placed adducted,

it is then placed at the corner distance Cr3 .

* Sequence 5 shows that the body is moved to the left, it is then

moved forward to bring the center of gravity over the upper corner.

Sequence 6 shows that the body is leveled and moved forward so

that the rear legs can be placed at the upper corner. This completes

the vertical step. climb in one tetrapod step.

When the body angle is large and a better stability margin is

required, a combination of these two types of tetrapod walking mode

should be used.

- 4.4.3 Stepping Down

A stepping down maneuver can be obtained by reversing the motion

of a stepping up. For example, for a 86.2 inch vertical step, the

motion of a hexapod to step down with a 30 ° body angle can be

visualized by reading Figure 4.19 with a reversed body motion and

V. p ' x.. . ****.. j.-j...
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sequence. Hence, all the corner distances of stepping up are also

available for stepping down. In both cases, most of the major

constraints of corner distances are in the lower plane. In the follow-

ing, a prime denotes the corner distances for stepping down.

Due to gravity, stepping down is easier than stepping up. Also,

a larger step can be negotiated. This will be shown in a later example.

Figure 4.23 shows a lateral motion sequence for a hexapod climbing

down a 86.2 inch vertical step with varying body angle.

Sequence 1 shows the initial position of the hexapod with all the

legs in their mid-positions and the front feet at the edge of the step.

The rear legs are lifted and placed within a corner distance C' From
rl"

Figure 4.18, C' is the distance AB. If the bottom corner of the.'- rl"

walking envelope is above the upper plane,

C' =Rz/sine (4.89)i-"rl ,5

If the bottom corner is below the upper plane, -,

C' [(H° - Rzo ) - tan e + P + Rx /2]/cos e (4.90)
"rl o o o o

Also, the rear legs should not be placed within the corner distance

Cf3.

Sequence 2 shows that the middle legs are lifted and placed at

the edge with the help of the body movement.

Sequence 3 shows that the front legs are lifted and extended to

the front lower extremes, then the body is rotated until it reaches

30* body angle. The body is then lowered until the bottom touches

the edge. The body is moved along a 300 direction until the front

.............................. .. .. . ... ... ... ... .... . . .. .
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legs touch the lower plane. The corner distance of the front legs

should be Cr3 . This completes the first phase.

Sequence 4 shows the body moved further down along a 30* direction.

The purpose of this movement is so that the two front legs may have

available foot positions ahead of the feet so that a tetrapod walking

maneuver can be performed later. The center of gravity can not be

too close to the front legs since tetrapod walking would not then be

possible.

Sequence 5 shows the rear legs lifted and placed close to the

upper corner. The two front legs are moved alternatively in a tetrapod aA

walking mode.

Sequence 6 shows the front legs placed within and close to Cr2*

The body is moved down and rotated until the bottom corner of the

walking envelope of the middle legs touches the lower plane. This

touch point should be ahead of the center of gravity. The middle

legs are lifted during the body movement.

Sequence 7 shows that the middle legs are placed alongside the

front feet. Notice that the body angle is less than 300. This

completes the second phase. The front legs are lifted and placed at

their front extremes.

Sequence 8 shows the center of gravity moved ahead of the middle

legs. The rear legs are then lifted. The body is moved forward and

leveled gradually until the rear legs touch the ground. The reason

that the middle legs should be close to Cr2 at sequence 7 is that

interference between the rear part of the body and the wall can then

be avoided.

. d. -- -i. . n_ .li . .... i , , . . . . - , , ** ,* .". , ,
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* Figure 4.24: To step down a large step.

4.4.3.1 Stepping Down by Gravity

If the step is higher than the rear-foot range, the hexapod can

not climb up it. But it can climb down it. Figure 4.24 shows a

method of climbing down a step which is higher than the rear-foot

range.

Sequence 1 shows the heCapod lowered to its limit and the

center of gravity moved tothe edge of the step. The front legs are

fully extended to their front limits. 7

Sequence 2 shows that the body is rotated about the middle legs

and the center of gravity is brought over the upper corner. The

vehicle is then rotated down by gravity about the middle legs until

........... * .
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the front legs fall onto the lower plane. The vehicle can then move

its front legs in the tetrapod walking mode. The step height is

V = AB cos(Tr/2 - - ) (4.91)

where

S=tan [Rzo/(P +Rx /2)] (4.29)
0 0 0

and

AB= Rz /sin ¢ (4.93)
0

In order to perform a tetrapod walking maneuver easily, the

projection of the center of gravity should be on the middle point of

CB. The body angle at this condition is

AB sin(7/2 - - e) = 2(H - Rz ) • sin e (4.94)
0 0

for the ASV, 5 = 45*. The maximal step height which can be handled

by this method is 101.7 inches or 8.5 feet.

The rest of the motion is similar to that of sequences 5 through

8 in Figure 4.23.

4.4.4 Relationship to Walking Volume

Several features are observed in the above examples of stepping

up, stepping down and the tetrapod walking maneuver.

1. For stepping up, the rear-foot range is the
minimum among all three vertical ranges. It
determines the maximal crossing ability.

... . . . . ...- * * * * * * * *. .. ... . -. .- . . . . .. ..
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2. For stepping up, the third phase is the most
difficult. This difficulty is due to the small
value of Cr3. The rear legs are usually placed
within Cr3 in a tetrapod walking mode.

3. For stepping up, a tetrapod walking maneuver P4

may be used to bring the center of gravity over
the middle legs at the second phase if
condition L2 > L1 can not be fulfilled by
reducing the body height and the body angle.

4. A constant body angle in all three phases is
not necessary. For stepping up, the body angle
at phases 1 and 2 can be less than that at the
third phase.

5. By reversing the body motion and sequence, the
principles and corner distances of stepping up
can be applied to stepping down.

6. When stepping down it is possible to cross a
higher step than stepping up with the help of
gravity. That is, by deliberately using a
statically uns*Tble maneuver.

7. The placements of the legs on the lower plane
at each phase should be as close to the corner
as possible. A closer placement would ease the
placements which follow it.

8. Abduction and adduction are helpful in
increasing stability. They are especially
helpful in the tetrapod walking maneuver.

According to these features a vertical step crossing may be improved

by modifying the walking volumes of the legs.

Longitudinal and vertical strokes: For stepping up, since the

rear-foot range determines the maximal step height, an additional

stroke of the rear legs in both the backward and downward directions

would increase V and C 3 • The following table shows the effective-
3 o

ness of the additional stroke in both directions.

From the table, the additional stroke in the backward direction

is more effective in Cr3 while the additional stroke in the downward

% . "','..-.-.. " .,' * "-" .. ".'. " -: - * -'- " . .", - -" " v - -" " ", - -• , - -". ..r3 - :"
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direction is more effective in V3. An additional stroke in both

directions is given in the last column. As it is shown, a longer rear

leg improves the stepping up capability significantly. The rear legs

should also be stronger because they provide most of the propulsion

force to push the body up. This characteristic is also found in

living creatures. Many six-legged insects, such as ants, have stronger

and longer rear legs.

For stepping down, a similar improvement can be obtained by in-

creasing the strokes of the front legs. However, the same improvement

can be achieved with the help of gravity using a statically unstable

maneuver. A longer front leg is not as crucial as a longer rear leg.

Table 4.4

Rear-foot vertical range of a hexapod with
Additional strokes of rear legs.

(unit: inch)

no change ARx = 12 ARx = 24
e V3  Cr V c V c

- 3 r3 3 r3

0 48.0 96.0 48.0 108.0 48.0 120.0
10 63.2 82.0 65.3 93.8 67.4 105.6
20 74.9 65.6 79.0 76.7 83.2 88.1
30 82.6 47.1 88.6 57.5 94.6 67.9
40 85.5* 27.3 93.2* 36.4 100.9 45.6
47.5 83.9 11.8 92.7 19.9 101.6* 27.3

LRXo = 12
no change ARz ° = 12 ARz o = 12

e V V3 Cr V CV3  Cr3 3  r3 3 r3

0 48.0 96.0 60.0 96.0 60.0 108.0
10 63.2 82.0 75.0 80.0 77.1 91.7
20 74.9 65.6 86.2 61.5 90.3 72.7
30 82.6 47.1 93.0 41.1 99.0 51.5
40 85.5* 27.3 94.7* 19.5 102.0* 28.7
47.5 83.9 11.8 92.0 2.9 100.8 11.0

= maximum value of V3

:I
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Abduction and adduction: In a tetrapod walking maneuver,

abduction of the legs on the upper corner increases stability.

If a lateral body motion is used to increase stability, equal

and large abductions and adductions on opposite sides of the body

are desirable. For the ASV, Ry is smaller at the top of the walk-

ing volume. Hence, a longer Ry on the top in both abduction and

adduction would improve the stability in a tetrapod walking

maneuver.

4.5 Isolated Wall Crossing

A general configuration of an isolated wall is shown in

Figure 4.1d. An isolated wall is defined by two parameters:

the thickness U and the vertical height V. In general, an

isolated wall crossing, or a wall crossing in brief, is a combina-

tion of a step up and a step down. If the thickness is wide

enough for two pairs of legs to stand on the top simultaneously,

the wall crossing is exactly the same as stepping up followed

by stepping down. If the thickness is smaller, a special method

is needed for the crossing.

4.5.1 General Approach

Figure 4.25 shows the general method of a wall crossing.

The motion before sequence 1 is the same as when stepping up.

The motion after sequence 5 is the same as when stepping down. This

figure only describes the motion between these two stages.
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Sequence 1 is the foot conditions of the rear-leg placement at

the third phase of stepping up. In order for the front legs to be

placed on the top, the minimum thickness U1 is

u3 =C f3  (4.95)

The body is moved forward and is leveled about the middle legs. The

rear legs are lifted and placed alongside the middle feet at the near

side corner.

Sequence 2 shows that the middle legs are lifted and placed

alongside the front feet at the far side corner. Since both the front

legs and the rear legs stand on the top simultaneously, the minimum

thickness of the isolated wall is

= 2P - Rx (4.96)
2 0 0

Sequence 3 shows that the center of gravity is moved to be right

behind the far side corner. The front legs are lifted and fully

extended to their front limits.

Sequence 4 shows that the body is rotated about the center of

gravity to reach the same body angle of the stepping up. Then the

body is lowered until the bottom touches the far side corner. The

front legs should touch the ground at this time because of symmetric

walking envelopes.

Sequence S is the front-leg placement at the first phase of

stepping down. The body is moved down along the direction of the

body angle. Aince the walking envelopes are symmetric, the minimum

thickness for both the rear legs and the middles legs to step on the

,-°p
* . . . . . . . . ..
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top simultaneously is

U3 =Cf3  (4.97)

The minimum thickness U in is the maximum of UI, U2 and U3 .

According to Table 4.3, U is equal to U for 6 < 300, and it is
min 2

equal to C for e > 35%• For the ASV, U2 is 48 inches or 4 feet.f32

The maximal obstacle height which can be crossed is equal to the

rear-foot range. For the ASV, the maximal height is 85.5 inches or

7.1 feet

4.5.2 Narrow Wall Crossing

If U is less than Uinn the general method can not be applied.

A special method with the help of ground contact with the belly of

the body is shown in Figure 4.26. Again, this figure only shows the

motion between stepping up and stepping down.

Sequence 1 shows the rear legs placed to fulfill the foot

conditions of the rear-leg placement. The two middle legs step on

the two corners of the top respectively. The dashed leg is the

middle leg on the far side of the body. The belly of the body is

against the near side corner. The body is leveled gradually about

the near side corner by lifting the middle leg on the far side.

Sequence 2 shows the body is fully leveled. The weight of the

vehicle is mainly supported by the belly of the body. The body is " "

rotated about the far side corner by extending the middle leg on the

near side. The front legs should touch ground when the center of

Sgravity is right above the far side corner.

"- . ".. . .* * * *-h. . .. k
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Sequence 3 shows the body moved down and the rear legs lifted to

be ready for placement on the top of the obstacle.

Sequence 4 shows the rear legs placed at the near side corner.

The front legs are lifted and placed alternately in a tetrapod walking

maneuver. The middle legs are lifted to be ready for the middle-leg

placement.

Using this method, there is no lower limit of the thickness of

the isolated wall. If the thickness U is 0, the whole body would

roll over about the top edge and the front legs would take a small

landing shock due to the statically unstable motion from sequence 1

to sequence 3. Since the center of gravity does not deviate from the

top edge much, the shock at landing should be small.

4.5.3 Relationship to Walking Volume and Body Structure

Wall crossing ability is determined by step crossing ability.

Hence, the relationship between wall crossing ability and walking

volumes is the same as it is in step crossing.

The minimum thickness of the wall crossing is determined by

either U2 or Cf3. Both of U2 and Cf3 can be reduced by increasing

the overstroke between adjacent legs.

The special method for a narrow wall crossing requires strong and

smooth belly skids which can support the weight of the vehicle.

4.6 Overall Walking Volume of the ASV

All of the analysis above is based on the assumption of a

perfectly rectangular walking envelope. This may not be feasible in

I • .-.- n qS ", . " J ., . . ... .... ..-', .".. ." ".,-.... . *. " .- - .' ." . .,.. * '*. .. - .-. , ., *. . .-. . . -
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leg design. The walking envelope is constrained by the kinematic

limits of the leg linkage. From the study in Chapter 6, the walking

envelope of the pantograph leg is a rectangle with one upper corner

truncated. Hence, the overall arrangement of the walking volumes of

-. the legs should minimize the loss of mobility due to this truncated

corner.

Figure 4.27 shows an overall arrangement of the walking envelope

of the ASV. The front legs and the rear legs are mounted in opposite

directions, and the middle legs are mounted to be the same as the front

legs. The truncated corner is the rear upper corner for the front and

the middle legs, and it is the front upper corner for the rear legs.

i 4g
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The reason for the different mountings of the front and the rear

legs are: first, in a ditch crossing, the ASV usually lowers its body

height in order to have better resistance to disturbance. The front

upper corner of the front legs and the rear upper corner of the rear

legs should not be truncated so that the front-foot and rear-foot ranges

are not reduced at lower body height. Hence, the ditch crossing ability

is not reduced. Second, a truncated front upper corner would reduce

the front-foot vertical range, and hence reduce stepping up capability.

The reason for the mounting of the middle legs is that a truncated

front upper corner of the walking envelope of the middle leg would

reduce the middle-foot range and Cr2* This will put more constraints

on a stepping up maneuver. It may take more than one step to place

the rear legs within Cr2 at stage 2. If the rear upper corner is

truncated, from Figure 4.18, the rear-foot range is reduced only if

the truncated corner exceeds point A.

In the earlier pantograph leg design, the truncated corner was

very large, and this truncated corner did exceed point A and reduce the

rear-foot range. Hence, the middle legs should be turned around

because the rear-foot range is more important than the middle-foot

range in stepping up. Later, through much optimization, a large

walking envelope with a small truncated upper corner became available.

The middle legs are mounted as in Figure 4.27 in order to maximize

mobility. -

The advantages of this arrangement when stepping up are disad-

vantages when stepping down. However, stepping down is easier and a

larger obstacle can be handled better than when stepping up. The

. . . . . . . . .
. . .°. .
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mounting of the middle leg should be selected to the benefit the

performance when stepping up.

4.7 Summary

In this chapter, hexapod walking over a slope, a ditch, a vertical

step and an isolated wall was studied. In the study of slope walking,

gradability of the ASV obtained by lowering the body height and by

leveling th.e body attitude was calculated. The results were tabulated

in Table 4.1. The first method is more effective for walking along

a maximum gradient line, and the second method is more effective

for walking along a zero gradient line. Methods df improving the

stability by changing the beginning and the end of the stroke were

also studied.

Table 4.5

Mobility of the ASV.

obstacle minimum
dimension body angle
(feet) (degree)

ditch crossing
1. Continuous FTL 5.0 0

gait, S = 2/3
2. body leveled 8.0 0
3. body tilted 9.3 is

vertical step crossing
1. stepping up 7.1 40
2. stepping down 7.1 40
3. stepping down 8.5 45

by gravity

isolated wall crossing 7.1 40

................................... --...................o-
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A general approach was used to study large obstacle gaits for

ditch crossing, vertical step crossing and wall crossing. The entire

obstacle crossing was divided into three phases. The range at each

*. phase was calculated. The minimum of these three was the maximal

possible crossing ability. The leg motion and body motions needed

to fulfill the foot conditions of the minimum range were then studied.

If there is no difficulty in fulfilling these foot conditions, the

maximal crossing ability is thus determined. The maximal crossing

ability for these obstacle types were calculated and are tabulated

in Table 4.5.

In each obstacle crossing, the relationship between the crossing

ability and the walking volume was discussed. Methods to improve the

crossing ability by modifying the walking volume were also suggested.

According to these relationships, the overall walking volume of the

ASV was designed.

7:,
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Chapter 5

LEG DESIGN BY FOUR-BAR LINKAGE SYNTHESIS

5.1 Introduction

Due to lack of full understanding of the ideal performance of a

walking machine, the preliminary design goals of the ASV were not

* completely defined. However, a-set of design criteria was established

as follows:

- A vehicle cruise speed of 5 mph and a sprint speed
of 8 mph.

- A grade climb capability of a 50% slope.

- The vehicle should possess good mobility, close
to that of a horse, in rough terrain.

- The vehicle energy efficiency should be better than "J
conventional off-road vehicles in rough terrain.

- The vehicle shall carry a 200 pound human driver and
500 pound payload. The dry weight of the vehicle
will be 3000 pounds.

- The vehicle overall dimensions shall be 12 feet in
length, 8 feet in height, and 4 feet in width (from
center to center of foot paths).

The leg design is the most crucial aspect of a walking machine

since it strongly influences the mobility, the energy efficiency, the

speed and the control algorithm of the machine. The leg design, like

any other design, should be based on the design specifications.

217
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The design specifications of the leg were modified continually during

the design process due to increasingly understanding of gait and

mobility of a hexapod. Hence, leg geometries were designed and modi-

fied according to different specifications at different stages. The

major steps of leg design are presented in this chapter and the next

chapter.

At the beginning of the leg design, it was not completely clear

what kind of performance an ideal leg should have. Hence, the design

goal at that time was to prove that it is possible to build a practi-

cal walking machine as specified above. The major difficulty found in

walking machines built in the past was poor energy efficiency.

Therefore, the primary goal at that time was to prove that an energy

efficient leg is possible with proper kinematic and mechanical design.

The poor energy efficiency is mainly due to inappropriate leg

design. Considerable refinement is necessary both in leg geometry

and in the method of power transmission and actuation. An extensive

discussion of conceptual designs of a leg for a walking machine was

given by Shigley in 1961 [4]. He gave several possible leg

configurations which generate good foot trajectories with respect to

basic considerations in geometry and in efficiency. However, most of

the walking machines built since that time were intended for the

study of control algorithms. Little consideration was given to

the relationship of leg geometry to energy efficiency in those leg

designs. As a result, these machines have poor energy efficiency.

The only exception may be the PV II built by Hirose and Umetani [21].

VI. . .
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However, the small scale and low speed of this machine makes comparison

difficult.

The PV II has four three-dimensional pantograph legs. Each leg

is actuated by three independent linear actuators which are DC motors

with screw actuators. Two of the screws are ball screws while the

third (lateral motion) is a plain power screw. The vehicle can walk

at a speed of 2 centimeters per second with a 10 Watt power consumption.

The vehicle weight is only 10 kilograms. This energy efficiency is

considered to be relatively higher than previously built walking

machines. However, the size, weight and speed of this machine make it

an impractical walking machine. It did not provide adequate evidence

that an energy efficient leg was possible for a full scale practical

walking machine. In fact, due to its extremely low speed, the

specific resistance1 of the PV II was much greater than those of

biological or other practical mechanical locomotion systems.

In recent years, Waldron and Kinzel gave an overall explanation

of the poor energy efficiency found in walking machines as well as

"." industrial robots2 [44]. They also suggested a simple leg configuration

' This is a dimensionless coefficient defined by Gabrielli and
Von Karman [45]. The specific resistance is used to compare the
efficiency of different biological and mechanical locomotion systems
regardless of their weight.

2 A more-detailed review of their argument is given in the next

section.

p.'
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based on a four-bar linkage which would eliminate the dynamic reasons

for poor energy efficiency. Their stud), provides the initial direc-

tion for the leg design presented in this chapter.

A simple four-bar leg with a variable length driven-crank was

designed in the first stage. This leg could only provide a small

amount of vertical stroke. Hence, it is only suitable for smooth

terrain. The primary purpose of this leg design was to test the -

energy efficiency of the leg. Two small scale walking machines were

built using this design and were tested for energy efficiency [47,48].

The results of these tests showed it was possible to achieve low

specific resistance in an artificial legged system.

Further research revealed that at least a two foot vertical

storke was required in order to gain minimum mobility in rough

terrain. The original four-bar leg was modified in order to provide

this vertical stroke. This led to a different design for lifting the

foot in which a variable shank length was used.

Finally, the mobility of the ASV was determined to be:

- Grade climb ability: >60%, 70% for cross slope.

- Ditch crossing ability: 6 feet.

- Vertical step crossing ability: 5.5 feet.

- Isolated wall crossing ability: 4.5 feet.

- Fording depth: 4 feet.

The relationship of mobility and walking volume was better under-

stood after a careful gait study (see Chapter 4). According to this

study, the walking volume of the leg for the ASV was defined as below.

....... .........
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1. Longitudinal stroke: > 5 feet, 6 feet is preferable.

2. Vertical stroke: 4 feet.

3. Lateral stroke: 4 feet.

4. Longitudinal overlap between strokes of adjacent legs:

> .5 feet, 1 foot is preferable.

The major difficulty in designing a leg according to these

specifications is the increased vertical stroke. The four-bar leg

was further modified to satisfy the vertical stroke requirement.

Although a long linear shank actuator could generate a satisfactory

walking volume, it was found that such a mechanism was not practical

from the mechanical design point of view. Hence, a seven-bar leg

with no sliding joints was designed to replace the four-bar leg.

However, this left several mechanical design problems unsolved. As

a result, a completely different leg mechanism: the pantograph leg,

*, which will be discussed in the next chapter was adopted. -

5.1.1 Energy Efficiency in Robots and Walking Machines

In reference [44], Waldron and Kinzel showed that one reason for

"- the poor energy efficiency of robots and walking machines is the use

of the actuators as brakes. That is, the actuators are "back-driven."

The energy consumed when the actuator is back-driven converted into

heat with no provision for recycling. There are two reasons for

back-driving. The first occurs in the usual case in which each joint

is driven directly by a separate actuator. Figure 5.1 shows a two link

*) leg actuated by two actuators placed at the hip H and at the knee K,

respectively. In Figure 5.1a, the contact point P is ahead of H.

- . .- .
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- Frame of Machine

Frame Velocity

H H

K

(a) (b)

Figure 5.1: Back-drive in one-joint actuator system

Hence, the actuating torque T. is in the same direction as the

rotation of the joint H (w) and the actuator is doing positive work.

In Figure 5.1b, the point P is behind H, and T is in the opposite
Ht o

direction to w. In this case the actuator at H is acting as a brake,

or it is back-driven. By observing the arrangement of muscles in

biological systems, there is an indication that an alternative

actuator arrangement might avoid this situation. Some major muscles

act across two joints while others act across only one joint.

Evidence of improvement in mechanical efficiency can be found by

L..... . .. .
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this use of two-joint muscles [49]. Hence, a two-joint actuator may

avoid this problem.

The second reason for the existence of back-drive is mainly

found in walking machines. Most walking machines in the past have

adopted an "insect" type leg. Due to the oscillatory nature of leg

movement during walking, leg kinetic energy fluctuates periodically

from near zero to a substantial value. The leg is braked at the end

of the stroke and leg kinetic energy is converted into heat. The

obvious solution is to use gravity to brake the leg at the end of

stroke. The leg kinetic energy is then converted to potential energy

and can be recovered during the return phase. The leg acts as a

pendulum swinging in a vertical plane. Hnce, a "mammal" type leg,

instead of an "insect" type leg, can avoid this kind of loss mechanism.

Alternatively, if there is a well defined primary working cycle

it is possible to minimize wasted energy by optimizing the system

geometry. In walking machines, the primary working cycle is a load-

bearing, level and straight line followed by a relatively arbitrary

return path.

Figure 5.2 shows a "mammal" type leg mechanism with a two-joint

actuator. Joint H is driven directly by linear actuator 0A. The

second actuator 0BB acts across both joints H and K. In support

phase, the length of 0 B is kept constant and it does no work. 0 AA is

Ba a

alwas dingpostivewor toovecometheenvronenta reistnce

.,. - . .
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At the end of the stroke, 0 BB is shortened and the leg is braked by

gravity. It then reverses direction and swings forward as a pendulum.

Hence, back-driving does not occur. Moreover, the four-bar linkages

HKBO B can be proportioned so that point P approximately generates a

segment of a straight line. This would minimize the work done in the

support phase. A remarkable good approximation to a straight line can

be obtained if the support portion of a step is limited in range [461.

Another advantage of this mechanism is that its simple structure

allows good mechanical reliability.

5.1.2 Contents of Sections

In Section 5.2, an introduction to the program RECSYN is given.

RECSYN was used to generate all of the four-bar linkages in the

following design procedure.

In Section 5.3, the design of the four-bar leg is described.

Several major techniques for the optimization of leg geometry are also

introduced. The analysis of bearing loads, actuating torque, and

mounting positions for the main actuator is given. Finally, the

interference between adjacent legs is studied by graphical methods and

the load distribution of an abducted or adducted leg is studied by

finite element methods.

In Section 5.4, the design of a seven-bar leg is described. This

design is based mainly on the concept of a shank linkage which is used

to replace the linear shank actuator of the four-bar leg.

.
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5.2 An Introduction to RECSYN

5.2.1 Functions of the Program

RECSYN is an acronym for RECtified SYNthesis. It is an interactive 4-
graphics program which synthesizes mechanical linkages with nominated

irregular motions of a machine member while avoiding (rectifying) the

spurious solutions which are generated by traditional procedures. The

spurious solutions eliminated are of two types designated by the terms

"branch problem" or "order problem." The branch problem, if present,

requires the solution linkage to be disassembled and reassembled in

order to reach some of the design positions. The order problem causes
,.

the solution linkage to pass through the design positions in an

order different from that specified. With the rectification capability

a designer using RECSYN is able to synthesize a mechanical linkage more

efficiently than when using other linkage synthesis programs.
9.

The primary mechanical linkage type synthesized by the program is

a four-bar linkage (see Figure 5.3a). The four-bar linkage is a

simple mechanism. Nevertheless, it is capable of generating a great

variety of irregular motions. The program can also synthesize two

additional linkage types: the slider-crank (see Figure 5.3b) and the

4. elliptic trammel (see Figure 5.3c). Usually, it is impossible to design

*- a linkage which passes along an exact trajectory. However, a solution

linkage should conform to design positions selected to be on the

trajectory.

According to the method of defining design positions, there are

three different basic kinds of synthesis problem: motion generation
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Figure 5.2: A "mammal" type leg with a two-joint actuator.
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Figure 5.3: Linkage types designed by RECSYN.
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problems, function generation problems and path-angle generation

problems. RECSYN is written specifically with the intention of

solving motion generation problems. The other two problem types can

be transformed into motion generation problems, allowing them to be

synthesized by the same approach.

The program is constructed to generate solution linkages which

pass exactly through either 2, 3, 4 or 5 design positions. Although

this seems too small a number of design positions to obtain a good

approximation of an irregular plane trajectory, experience shows

that the trajectory between design positions can be very close to the

desired trajectory, provided a good selection is made of the design

positions. Moreover, many practical design problems do not require

the solution linkage to follow the desired trajectory exactly.

The number of the design positions required is related to the

accuracy of the generated trajectory. In general, the larger the

number of design positions, the better the accuracy of the trajectory.

The number of design positions is also related to the dimensions of

the solution space. The larger the number of design positions, the

smaller will dimensions of the solution space be. For a five position

specification the solution linkages number 6, 1 or 0 and are calcu-

lated directly from the input design positions without giving any

freedom to the designer for optimization except in the case in which

there are six real solutions to select from. Therefore, the dimension

of the solution space is 0. On the other hand, the dimensions of the

solution space are larger for smaller numbers of design positions.

There are 6 dimensions for 2 positions, 4 for 3 positions and 2 for

,~~~~~~~~~~~~~.".. / ... '.. ,-..... .. ,.. .. ..-. . .... ,".... . ... .. .-........-.. ....- ,.-.... , .-. ,-. .. .. ... -..--
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4 positions. That is, there are two disposable parameters for, four

design positions; four for three design positions; and six for two

Ndesign positions. The more the dimensions of solution space are, the

more freedom the designer has to optimize the solution linkage

according to this design constraints. One can select the number of

design positions by considering the accuracy of the trajectory and

the freedom of optimization. This interaction between the program

and the designer becomes an essential factor for the optimization.

5.2.2 Operation of the Program

With the exception of five position case, in which the few

possible solution linkages [6, 1 or 0] are defined automatically by

the entered design positions, the design process is divided into two

major stages: the selections of the driven and driving-crank

respectively. Since the theories developed for the rectification of

i--

the spurious solutions provide the available solution space for the

circle-point of the driven-crank, the designer is asked to select

the driven-crank first.

The design procedure can best be shown by giving an example of

a four position case. After the design positions have been entered,

four L shaped symbols appear on the screen to indicate the four

design positions (see Figure 5.4). The L shaped symbol, which is

attached to the coupler of the solution linkage, should pass exactly

through these four design positions. A circle-point curve is also

generated on the screen. Any circle-point of the driven-crank

selected on the dotted segments will result in a spurious solution

I 1
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linkage of the branch problem type. Therefore, the designer should

select a circle-point (either by cursor or by keypad) on the solid

segment of the curve for the driven-crank. The corresponding center-

point, with crank and a hatched area, is then shown on the screen

(see Figure 5.5). The hatched area indicates the solution space for

the circle-points of the driving-crank which result in a solution

linkage with branch problems. The designer can estimate the possi-

bility of obtaining a desired solution linkage at this time and decide

whether to proceed to the next stage or reselect the driven-crank.

After the driven-crank design has been completed, the screen is

erased and another display is shown (see Figure 5.6). The dotted

segments of the circle-point curve are different from those of the

previous display. In this display, they indicate the solution space

of circle-points for the driving-crank which result in solution

linkages with order problems. Therefore, the designer should select

a circle-point on the solid segments which are outside the hatched

area. For any such selection, the corresponding center point and

crank, and the linkage type are shown on the screen (see Figure 5.6).

The designer can reselect the driving-crank or go back to the previous

display to reselect the driven-crank. The designer can complete the

design if the selection is satisfactory. The screen is then erased

and the solution linkage with the data of the pivot positions are

shown (see Figure 5.7). The designer can animate the solution linkage

to check his results. The design process can be repeated many times

until an optimal solution linkage is obtained.

:~~~~~~~~........,€...... --.................... ........ ............. .... ,............ . % ?.%
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" 5.3 Design of a Four-Bar Leg )

5.3.1 Design Specification

The design specifications of the leg have been modified several

times during the design process. Only the specifications related to

the design of the four-bar leg are described below.

The first stage of leg design is to design a four-bar leg as

shown in Figure 5.2. In support phase, the four-bar linkage HKBOB

is driven by the main actuator 0AA only. The foot path should be

an approximation of a horizontal straight line. At the end of the

stroke, the foot is lifted by the lifting actuator 0 B and moved

back to the front by the main actuator with the help of gravity.

The frame of the four-bar leg is rotated by a third actuator called

the lateral actuator. This actuator rotates the leg frame about an

axis which is parallel to the longitudinal body axis and provides

abduction and adduction so the vehicle can change direction.

The foot of the leg was considered as a rigid body attached to

the shank at this stage . The foot profile was circular and the foot

reference point was at the center of the circle. The foot was to

roll on the ground during walking. The radius of the foot circle

depended on the soil conditions and was to be selected to provide

3 A foot with a passive ankle is also designed for the ASV legs.
However, the foot-ankle system can be separated from the leg
design. A brief discussion of foot-ankle system is given in
Chapter 7.

. . . -
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proper contact pressure. A radius of .6 feet was selected for a bare

foot. Different shoes could be put on when the vehicle was operating

in different soil conditions.

The leg of a walking machine serves two major functions. The

first is to provide a desired walking volume, which is the three-

dimensional reachable space of the foot reference point. The second

is to carry the weight of the vehicle. Also, interference between

linkc and among legs should be avoided. Considering these three

aspects, the design specification of the four-bar leg was determined

as follows:

Leg strokes: The stroke pitch was selected to be 5 feet since

the predetermined maximum length of the vehicle was 12 feet. The

overstroke between adjacent legs was not recognized to be necessary

at the beginning. Hence, the leg stroke was selected to be 4 feet

in order to avoid any interference between the feet. The lateral

stroke was selected to be 4 feet.

The vertical stroke was originally used to lift the foot in

transfer phase only. Hence, a small amount of vertical stroke, such

as 3 inches, was sufficient. This was suitable for walking on smooth

terrain only. Later, the vertical stroke was increased to 2 feet

in order to be able to walk in rough terrain. After the mobility

requirement was finally determined, the vertical stroke was increased

to 4 feet to satisfy the requirement of vertical step crossing ability.

While the vehicle is walking in a tripod wave gait, a four foot stroke

results in less than one Hertz cycling frequency at cruise speed,

*... ..*
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which is 7.3 feet/second. The dynamic effects were considered

insignificant in this design due to the low frequency.

The maximum vertical variation of the trajectory in one step is

an interesting subject. If the legs contact the ground at different

times, the leg height of each supporting leg is not the same at one

instance due to this vertical variation. This different leg height

will contribute to the vehicle's undesired pitching and rolling and

will result in energy losses. Therefore, the vertical variation

should be as small as possible. In reference [42], test results show

that the maximum amplitude of sinusoidal and vertical body motion at

which a human feels discomfort is 4 inches at one Hertz, .5 inches at
,6°

two Hertz, and .05 inches at four Hertz, respectively. When the ASV

is walking at cruise speed in an alternating tripod wave gait, the

human body is moved up and down with a four Hertz sinusoidal motion.

This can be understood by referring to Figure 5.13 where two peaks

exist in one limited variation stroke, and the vehicle experiences

two strokes in one motion cycle. Hence, the maximum vertical

variation should not be more than .05 inches. However, comfort is not

the essential goal of the ASV, and terrain factors may increase the

vertical variation to a couple of inches even for an exact straight-

line stroke. A one inch maximum variation of the foot trajectory was
C

selected for the leg design.

Loads: When the center of gravity is kept in the center line of

the support pattern, the supporting legs on each side bear half the

vehicle weight. In an alternating tripod gait, at any time, one

" "" " "" ':-'i." - .' ." ." ."." .' . ".'".' -'" -"." " . . .' .. .. ... '-. .. ... '-.'-. .. '..-..- "...° , -'
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side of the machine is supported by only one leg. In this case, the

maximum vertical load on that leg is half the vehicle weight.

Hence, the leg was to be able to take a vertical load of 1500

pounds at all positions in its walking volume (at that time the

projected vehicle weight was 3000 lbs.). The maximum horizontal load

was taken to be the longitudinal component of half the weight when

the vehicle is walking on a 50% slope and was found to be 671 pounds.

Later, the grade climbing performance goal became 60% and the maximal

horizontal load became 772 pounds. The leg bears lateral load when

it is abducted or adducted. The maximal angle in abduction was 200

and the maximal lateral load was 513 pounds.

Leg size: The dimension of the leg was determined by the

dimensions of the ASV. Since the stroke pitch was 5 feet, the maximum

width in the longitudinal direction for one leg to move between its

two extreme positions was about 4.5 feet in order to avoid interference

between legs. The maximal leg height was determined to be 7 feet.

Since the foot radius was about six inches, a leg height of 6.5 feet

was used for the linkage synthesis. The leg thickness should be as

small as possible and the maximum thickness was temporarily determined

to be 2 feet.

5.3.2 Basic Geometric Design

Figure 5.8 shows a general construction of a walking machine with

four-bar legs. The entire leg below the hip joint is composed of a

four-bar linkage. The thigh is the two cranks and the shank is the

.-.. .

. . . . ..-
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coupler. The primary objective was to design a four-bar linkage

with a foot point (a point in the coupler) moving along a good

. approximation to a level straight line relative to the body. RECSYN

was used to synthesize such a four-bar linkage.

Since close approximation of a straight line is required, a

large number of design positions should be used. Five position

synthesis does not allow the designer to optimize the solution linkage.

Hence, a four position synthesis is proper for this design. Another

Figure 5.8: Structure of a walking machine leg.
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reason for using four position synthesis is that it results in a

relatively symmetric trajectory of the foot point, while a three

position specification usually results in an asymmetric foot trajectory.

Figures 5.9a and 5.9b show these two different shapes of trajectory.

5.3.2.1 Calculation of Design Positions

The four design positions are calculated as follows. Let the

reference frame be attached to the machine body as shown in Figure

5.10. Link OQ is a driven crank with length a, and link QP with

length b is a part of the coupler. Points 0, Q and P are the driven-

crank-center point, the driven-crank circle-point and the foot point,

respectively. If the foot point P moves on a horizontal straight line

relative to the body, the hip joint 0 will also move on a straight

line if P is fixed on the ground. From Figure 5.10, the position of

point P can be defined according to the reference frame as

h = a • sin ¢ + b * sin a (5.1)

X = a • cos 4 + b • cos e (S.2)

These equations can be combined to eliminate 0 as follows:

(h - a * sin )2 + (X - a • cos 4)2 = b2  (5.3)

which can be expanded and reduced to the following form:

A • cos + B * sin + C = 0 (5.4)

where
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Figure .9: Trajectories of three and four position synthesis. 
'

Figure 5.10: Sy7-bols to define a position of the foot poi-. P.
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A = -2a * X

B = -2a - h

*C a 2~ + h2- b2 X

If U =tan(c /2), equation (5.4) can be rewritten as

A~i U2) +2B- U +C(l +U
2) =0 (5.5)

or

(C -A)!) 2 
+2B *U C +A =0 (5.6)

The solution to this quadratic equation is

U -B + o(A2 + B2  Ca)1/2 (57C -A

where a =±1. For the leg design, b < h and length a is positive.

This means

-B =2a *h > 0

and

C -A =a' + h' b2  - 2a *X

=(a -X)
2 + h 2 -b 2 > 0

Since the smaller value of is expected, a =-1, and the value of

is obtained from
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= B + (A2 + B2  C2)
tan = A -C (5.8)

Elimination of from Equations (5.1) and (5.2) yields

(h - b • sin 6)2 + (X - b cos 8)2 a2  (5.9)

which can be expanded and reduced to the form

A' • cos 8 + B' • sin 8 + C' = 0 (5.10)

where

A' ---2b" X

B' = -2b • h

C' =b 2 + h2 - a2 
+ X2

After a similar process to that used for tan(G/2), an expression for

tan(8/2) is given by

8 B' - (A' B C) 1 / 2

tan B (A (5.11)

The full foot step length is shown in Figure 5.11. The minimum and

maximum coupler-point displacements in the X direction are

X = -(a2 - (h .- b)2) I/2  (5.12), lll~ax ['

and

X = ((a + b)2 - h2)/ 2  (5.13)

min...... . . .. ... ... .*... . . . . . .. .
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Figure 5.11: A full step used for the calculation
of design positions.

For a good estimate of optimum design point spacing, four position

Chebychev spacing can be specified as follows:

=, X -X * cos (67.50)
a r

X =X + X *Cos (67.5-) (.43 a r

X 4 X a X r cos (22.50)

where X =(X + X )/
a max min

X = (X - )/r max min

Since X1 X2  X3 and X4 are the four positions of point P,

Equations (5.8) and(.l) can be used to compute the values of
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and e at these four positions. The coordinates of point Q at the four

positions can then be computed using elementary trigonometry. The

locations of Q and values of e, which are in terms of a, b, and h,

provide the design positions for the four position synthesis problem.

This set of design positions is called the knee design positions

because point Q is one of the knee joints.

A program LEG was written to calculate the design positions.

Table 5.1 is an example of knee design positions with a = 1, b = 1,

and h = 1. The leg height h corresponds to the real leg height which

is 6.5 feet. This set of knee design positions is also used in the

example of linkage synthesis in the next section.

Another alternative is to use the four foot positions with

corresponding shank angles as the four design positions. Table 5.2

is the foot design positions of the same example of Table 5.1.

Table 5.1

Knee design positions with a ; 1, b = 1 and
h = 1.8, the leg height is 6.5 feet.

position X Y e

1 2.160 -2.894 -93.0990
2 1.810 -3.125 -110.824"

3 0.592 -3.562 =125.557.
4 -0.967 -3.479 -123.2230

°•° ,"
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Table 5.2 I

Foot design positions with a = lb = land
h = 1.8, the leg height is 6.5 feet.

position X X "

1 1.964 -6.500 86.9010
2 0.526 -6.500 69.1760

3 -1.508 -6.500 54.4430
4 -2.946 -6.500 56.7770

5.3.2.2 Design Procedure

After the design positions in Table 5.1 are entered into the

program RECSYN, the circle-point curve with four design positions

will appear on the screen as shown in Figure 5.4. Notice that the

circle-point curve passes through the first design position A1

because A1 is the moving pivot. Hence, the circle-point of the driven-

crank has to be at A1. After a selection at A is made, the driven-
1

crank C*C with hatched areas are displayed as in Figure 5.5. The

screen is then erased and the program proceeds to the next step.

Figure 5.6 shows the display for the selection for the driven-

crank. Any point on the solid line and outside the hatched area can

be the second circle-point. Since the primary motion cycle is

oscillatory, the linkage type is not important'. The main concern in

.. If the main actuator is a linear actuator, the maximum crank angle
should be limited to less than 120 degrees for good efficiency.
Crank-rocker type linkages usually need a crank angle larger than
this limit. Hence, a crank-rocker is not desired. More discussion
of the influence of crank selections on the solution linkage is given
in Section 5.3.1.

~ .°
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this selection is the compactness of the leg and the foot trajectory.

The temporary selection feature can be used to generate many cranks at

different locations (see Figure 5.6). A solution linkage with proper

compactness is selected and the solution linkage is shown in Figure 5.7.

The solution linkage is entered into another computer program

FORBAR s to study the foot trajectory6 . Figure 5.12 shows this foot

trajectory. By observing the coordinates of the foot points, the

smoothness and the available stroke is known. If the maximal variation

is one inch, the available stroke of this leg is 5.5 feet. Strokes

defined by this method are called limited variation strokes. 1.

One important feature of body motion should be considered here.

The foot path has two height extreme points due to the characteristics

of a four position synthesis solution (see Figure 5.13a). A break

point occurs at the connection if consecutive foot paths are linked

together. Since velocity is the derivative of displacement, this

break point will cause a sudden change of the vertical velocity of

the body. This indicates that a substantial energy loss will occur

at this point. Therefore a smooth connection between two foot paths

is more energy efficient. This can be obtained by reducing the full

' FORBAR is an interactive graphics program. It was developed
originally by V.J. Vohnout for the analysis of the four-bar leg used
in the Monopod. The program was modified substantially by the author
to study various aspects of the leg design.

6 In the later version of RECSYN, foot trajectory can be generated

right after the solution linkage is obtained within the same program.

°I
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step to a segment bounded by the two height extreme points. The

result is shown as in Figure 5.13b.

However, the available stroke of this smooth consecutive footpath,

which is called a smooth footpath stroke, is shorter than the limited

variation stroke. In the above example, the stroke of the smooth

footpath is only 3.37 feet. Since a longer stroke is usually hard to

obtain, the limited variation stroke is used in the later sections.

Break point
Two height extremum points

Reduced step

Full step 1 -_-* Full step 2

(a).-

Step 1 Step 2

(b)"

Figure 5.13: Consecutive footpaths of the four-bar leg,
the vertical variation is exaggerated.
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5.3.3 Optimization of Leg Linkages

The optimization work goes along with the leg design and is

carried out in two major steps. Figure 5.14 shows a general flow

chart of the procedure of the leg design and its optimization. The

first major step is to design and optimize a four-bar linkage with

optimal foot trajectory. Some other design aspects such as crank

angle and compactness are also considered. This step is indicated

on the part of the flow chart above the dashed line in Figure 5.14.

Usually, a batch of four-bar linkages are generated and optimized at

one time. All the good linkages are stored in a "warehouse." The

major optimization techniques used in this step will be discussed

shortly.

The second major step is directed at other aspects such as load

distribution and interference avoidance, and is indicated on the part

of the flow chart under the dashed line. In this step, a good linkage

is selected from the "warehouse." The optimal mounting positions of

the main actuator are then determined. Following this, the bearing

loads and actuator loads are determined. The interference between

legs is also checked. If one linkage can not satisfy all the design

criteria after all possible optimization work has been completed, a

new linkage is selected and the procedure is repeated. If none of

the linkages can satisfy all the design criteria, the first step must

be repeated in order to generate more linkages. The experience gained

in trying to optimize the first batch was a great help in the design

of the second batch of linkages. This procedure was repeated until a

*.. . .. .. . ...,.. - .. . .. .. ...... .. ,... . ., .. . . . . , , . . . . ,. , -,
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few optimal leg linkages are obtained. The design steps in the second

step are discussed in the later sections.

In the first major step, the selection of the leg linkage is
U..

based on six factors listed below in descending order of importance.

1. The available stroke length.

2. The smoothness of the foot trajectory.

3. The crank rotation angle.

4. The compactness of the leg.

5. The eveness of foot increments for constant crank angle
increments.

6. The absence of crossed positions of the two cranks.

The first four factors must be controlled to meet the design specifi-"

cations. The last two are preferable if they can be obtained without

sacrificing the first four factors.

The requirement of stroke length in both horizontal and vertical

directions was defined in Section 5.3.1. The foot trajectory is

expected to be the smoother the better for the sake of good efficiency.

A one inch vertical variation of the foot path in support phase was

considered to be acceptable. If the main driver is linear, the crank

rotation angle is directly related to its mechanical efficiency. The

crank angle should not exceed 1200 in one cycle and, in order to

maintain a good transmission angle, the portion of the crank rotation

which corresponds to support phase should not exceed 100*. The

compactness of the leg in the longitudinal direction should be such as

to avoid any interference between legs. The compactness in the vertical

and lateral directions should be such that the vehicle does not exceed

~.
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its dimension limits. More even foot increments mean that the crank

rotates at a more constant speed. This is important in equalizing the

hydraulic flow rate of the main actuator. The crossed positions of

the cranks should be avoided if possible because increased thickness

of the leg may be needed to avoid interference.

In order to have an optimal four-bar leg, several methods were

used to optimize the leg linkages obtained from RECSYN. The following

describe the most effective techniques used in this optimization.

5.3.3.1 Crank Selections

Crank selections in linkage synthesis strongly affect the leg

performance. Figure 5.15 is a duplication of Figure 5.6. Theoreti-

cally speaking, any point on the solid curve segments and outside the

hatched area can be selected as the second circle-point to form a

four-bar linkage. However, experience showed that only selections on

the solid curve segment to the right of the first circle-point and

between the two dahsed-dotted lines may result in good leg linkages.

The reasons for this conclusion are given below.

Any selection on the curve above the first center-point would

result in a violation of the leg height limit. Hence, the upper

dashed-dotted line is the upper limit of circle-point for crank

selection. Any selection on the curve lower than the design positions

results in a very long crank length, and the solution linkage has both

compactness problems and interference problems between the links and

the ground due to too low a position. Hence, the lower dashed-dotted

line is the lower limit of the crank selection. In the region between

S..i
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the two dashed-dotted lines, the selection on the lower part of the

curve segment to the left of the first circle-point still results in

linkages with compactness problems. Selection on the upper part of the -.

same segment results in a crank rocker with a short driving crank. The

compactness of the solution linkage is roughly acceptable. (The

corresponding center-point is at the upper left corner relative to the

selected circle-point, and it may be slightly higher than the upper

dashed-dotted line.). However, the length of the coupler becomes very

long and a very large crank angle (> 1800) is required because the

linkage type is always crank-rocker. Since a linear main actuator is

eventually proposed, requiring a crank angle which is less than 120%,

the selections in this area are still unacceptable.

The selections on the solid curve to the right of the first

circle-point and between the two dashed-dotted lines result in two

types of linkages: a crank-rocker and a non-Grashof double-rocker.

Selection close to the first circle-point results in a crank length

similar to the first crank and the solution linkage is a non-Grashof

double-rocker. When the selection is moved farther from the first

circle-point, the crank length becomes shorter. After the selection

passes a break point, the solution linkage becomes a crank-rocker.

Three points on the solid curve in this region are selected to examine

the difference in leg performance. One point is close to the first

circle-point, the second point is close to the break point and the

third point is to the right of the break point. These three points

are marked as 1, 2 and 3 in Figure 5.15, respectively. The foot

-o1
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trajectories of these three leg linkages are generated by FORBAR and

are shown in Figures 5.16, 5.12 and 5.17, respectively. The output

data of these leg linkages are examined and the characteristics of

each leg are tabulated below.

From Table 5.3, the leg width and the crank angle increase as the

selected point moves away from the first circle-point. Case 1 has the

minimum leg width and crank angle. Case 2 has the maximum stroke.

Case 3 has the minimum variation in foot trajectory. Later, inter-

ference study show that the leg width should be less than 4 feet in

order to avoid interference between the legs. Hence, the selection " -

should be in the neighborhood of point 1. The smooth footpath strokes

are less than 4 feet in all three cases. Therefore, the limited

variation stroke should be used in the leg design.

Table 5.3

Characteristics of legs obtained by different crank selections.

Smooth
Case Leg Stroke Vertical Crank Footh Linkage
Case Width* Variation Angle Stroke Type

1 3.6' 4.8' 1.0" 780 3.7' DR2
2 4.3' 5.5' 1.0" 1230 3.4' DR2

3 4.6' 4.9' 0.5" 1530 3.6' CR

- the longitudinal distance between the two extreme nodes

at the first design position.

DR2 non-Grashof double-rocker

CR crank-rocker

• "1*
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5.3.3.2 Varying a, b and h

The foot trajectory is dependent on the design positions of the

four-bar linkage as well as on the crank selections. The design

positions are dependent on the values of a, b and h discussed in

Section 5.3.2. The first choice is to leg a = b = 1 and vary the

value of h. The leg height is kept the same. The range of h is from

1.3 to 1.9. RECSYN is used to generate several four-bar linkages for

each set of design positions. The breakpoints of non-Grashof double-

rocker and crank-rocker solutions move toward the first circle point

as h increases. For each case, a selection which results in a similar

slope angle of the driving-crank is made. The foot trajectories were

generated by the program FOURBAR.

The results show a value of h between 1.6 and 1.9 gives fairly

straight line sections. Smaller values of h result in a longer

available stroke and in more eveness of foot increments. For larger

values of h, the smoothness of the trajectory is better. In all cases,

crossing of the cranks can be avoided if a wider linkage is selected.

However, because of the width limit of the leg, crank crossing is

almost unavoidable. Figures 5.18, 5.19 and 5.20 show the foot

trajectories for h= 1.6, h = 1.7 and h = 1.9, respectively. The foot

trajectory for h = 1.8 has already been shown in Figure 5.12. The

characteristics of these leg linkages are tabulated as follows:

• 
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Table 5.4

Characteristics of legs with different values of h

','.-Smooth
h ,Leg Vertical Crank Linkageh Width* Variation Angle Footpath inaeStroke Type

1.6 4.8' 6.9' 1.0" 1080 5.51 DR2
1.7 4.6' 6.2' 1.0" 1140 4.6' DR2
1.8 4.3' S.5' 1.0" 1230 3.4' DR2
1.9 4.0' 4.2' 0.9" 1500 2.5' CR

* the longitudinal distance between the two extreme nodes

at the first design position.

DR2 : non-Grashof double-rocker

CR : crank-rocker

Although a smaller value of h has better characteristics in most

respects except for leg width. By considering all the aspects of

the design specifications of the leg, a value of h = 1.8 was selected

for further analysis.

The second choice was to leg h = 1.8 and vary the proportionality

of a to b. Arbitrarily, the sum of the thigh and shank lengths was

set to be close to a constant (a + b-) 2). The range of the values of

the pair a and b is from a = 1.3, b = 0.6 to a = 0.6, b = 1.4. The

results showed that the step length increases 9% when the thigh is

2.2 times as long as the shank (a 1.3, b = 0.6), and the step length

decreases 10% when the shank is 2.3 times as long as the thigh

(a = 0.6, b = 1.4). After tracing the foot trajectories of these legs,

it was found that most of these cases do give a good approximation of

a straight line. However, because there is no compelling reason to

make the length of the thigh different from that of the shank, a = b

• ..""-''.: . .2..< :. i. . - / i u ), , .. . . . . . . . .< :.. . . .v. .,..-..,,.,-... ........ . .... .,.. . .,.'....,':,.-,-,-.
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has been retained in the basic design.

5.3.3.3. Varying Spacing Angles

One other method of redefining the design positions is to use a

different spacing approach to Chebychev spacing in Equation (5.14). For

instance, a pair of spacing angles, 00 and 500, can be substituted into

Equation (5.14) to obtain a new set of design positions. By this spac-

ing method, the first two and the last two design positions are shifted

toward the two end points of a full step. Since the two lower extremes

of a foot trajectory are between positions l and 2 and positions 3 and

4, respectively, this new set of design positions should result in a

longer smooth footpath .troke. The following are a set of knee design

positions with spacing angles of 00 and 500. One of the solution link-

age generated from this set of design positions with its foot trajectory

is shown in Figure 5.21. The characteristics of this leg linkage are:

4.6 foot smooth footpath stroke, 4.46 inch variation, 102 ° crank angle

and 4 foot leg width. Comparing this data to that of Table 5.3 shows

that the smooth footpath stroke is improved significantly. However,

the price of this improvement is a large vertical variation.

Table 5.5

Design positions with a = I, b 1, h = 1,
and spacing angles of 0 and 50'.

Position X Y e

1 2.167 -2.889 -90.0000
2 2.035 -2.983 -103.0940
3 -0.032 -3.611 -126.8660
4 -1.573 -3.250 -115.8S90

.............. -

. .V
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5.3.3.4 Varying the Beginning and the End of a Full Step

The beginning and end of a full step shown in Figure 5.4 may be

changed. A shorter full step usually results in a smoother trajectory

between the two end points of the defined step. However, the trajectory

- outside those two end points will vary quickly, and the price of a shorter

stroke has to be paid. Hence, if the stroke length is long enough, this

method can be used to improve the smoothness of trajectories. For instance,

the smoothness of the trajectory of the case of h = 1.6 (see Figure 5.18)

can be improved by this method.

5.3.3.5 Using Foot Design Positions

The design positions used in the previous sections are knee design

positions. In the design procedure, only one crank, the driving-crank, is

selected by the designer. As mentioned in Section 5.3.2.1, foot design

positions can also be used for linkage jynthesis. The two obvious advantages

of this approach are that both cranks are selected by the designer and the

design positions can be modified directly according to the resulting

trajectory and improve the foot trajectory. Figure 5.22 shows a solution

linkage obtained by specifying foot design positions. The approach to

improvement of a trajectory by using modified foot design positions is

46 demonstrated in the following example.

The trajectory in Figure 5.21 has a bump in the middle. This bump can
N

be smoothed by adjusting the foot design positions according to the-following

%61
two methods. The first method is to move the second and third design

positions toward the center. The second is to move these two design



o2.- --6 73.-7 -7 .7

0

2 44

In

.3-D
rq A 4 ORV% n



268

positions downward. Both methods will result in a reduced smooth footpath

stroke. The second method is used in this example. After both of the two

central design positions were moved down by 0.07 feet, the set of foot

design positions corresponding to Table 5.5 was obtained and is tabulated

below. The resultant solution linkages have much less variation than the

original one. One of the leg linkages with its trajectory is shown in

Figure 5.23. The characteristics of this leg linkage are: 3.6 foot leg

width, 4.55 stroke length, 0.45 inch variation, 3.17 foot smooth footpath

stroke, and 960 crank roration angle. The smoothness of this trajectory is

remarkably good. If a one inch variation is used, the stroke length becomes

5.3 feet and the crank angle becomes 124. This leg meets all the design

specifications for a 4-foot stroke four-bar leg except that the smooth foot-

path stroke is reduced significantly after modification. This is the reason

" that the concept of smooth footpath stroke is eventually given up.

Table 5.6 "5

Foot design positions according to Table 5.5, the two
central design positions are moved down by .07 feet.

position X Y B

1 2.167 -6.500 89.80
2 -1.217 -6.570 76.90
3 -2.199 -6.570 53.1.
4 -3.148 -6.500 64.1"

5.3.3.6 Vertical Leg Stroke

At the end of the support phase, the foot is lifted and returned

to the initial position without touching the ground. A very small

~ ~ - .~ * S 555~ ~S ~ *:.%. ~ .%'%--r-- S
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vertical stroke should satisfy this leg motion. When a leg steps on a

hump or a depression, the walking height of that leg is different from

the other legs. The foot trajectory of this leg should still be an

approximation of a straight line so that the overall mechanical

efficiency will not be substantially degraded. Hence, foot points

within the range of vertical stroke should generate a set of appropriate

straight lines which are parallel to the original foot trajectory. The

vertical stroke was selected to be two feet in order to walk in rough

terrain. After the mobility requirements of the ASV were set, the

requirement for vertical stroke became four feet in order to pass major

obstacles. Different approaches were developed in order to provide

different vertical strokes.

There are three simple methods to vary the walking height of a

leg. One method is to vary the driving-crank length. The second is to

vary the driven-crank length. The third is to vary the shank length. .

The foot trajectory of several sample legs with varying walking heights

were studied using all three methods.

The first and the second methods gave similar results. After one

crank is shortened or lengthened, the foot trajectory becomes closer

to, or farther from the two fixed pivots. If the change of crank length

exceeds some limit, the trajectory is altered and no longer approximates

a straight line. Figures 5.24 and 5.25 show two examples of foot

trajectories generated by leg linkages with a variable driving-crank

and with a variable driven-crank, respectively. The vertical range in

which a foot point generates an acceptable foot trajectory is about 15%
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of the leg height. For a 6.5 foot leg, the available vertical stroke

is only 1 foot. Hence, methods of varying a crank are only good for

walking in smooth terrain.

The third method generates good trajectories in a much wider

range of vertical strokes. Many coupler-point curves of the coupler

points in different walking heights were generated by FORBAR. It was

found that coupler points which generage good trajectories are in the

neighborhood of a straight line. Figure 5.26 shows an example of foot

trajectories generated by this method. In this case, the straight line

on which a coupler point will generate good trajectories is inclined at

about 200 relative to the vertical at the specified position.

Hence, if a linear actuator is attached to the coupler and aligned

with this straight line, a wide range of vertical stroke is obtained.

The range of vertical stroke which generates good trajectories can

be as wide as 90% of the leg height.

If a two foot vertical stroke is required, a leg linkage attached

with a two foot linear actuator on the coupler would provide it. If a

four foot vertical stroke is required, a four foot linear shank

actuator can still generate a satisfactory walking volume. However, it

was found not to be practical from the mechanical design point of view.

This impracticality leads to the design of a seven-bar leg in which the

linear shank actuator is replaced by a four-bar shank linkage. The

reasons that the slide design is not satisfactory will be discussed in

the section on seven-bar leg design.

%'..-- 
.%
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5.3.4 Bearing Loads, Actuating Torque and Mounting Positions of
the Main Actuator

If the main actuator is a rotary actuator, there are two moving

bearings and two fixed bearings in a four-bar leg. In the program

-* FORBAR, the crank angle e is incremented by a small number and the

positions of the pivot points and foot point are are calculated for

each crank angle. For each leg position, the bearing loads and the

actuating torque can be calculated as follows.

Due to low speed motion and small weigl-. of the link member

relative to the vehicle weight, the following assumptions can be

made:

1. The friction in the bearings is negligible.

2. The inertial forces due to leg segment or body movements

are negligible.

3. Leg weight can be lumped into the body weight.

The free body diagrams of the leg links are shown in Figure 5.27.

Applying static equilibrium to the coupler gives

4 ey IXeXb i  F ex I YeYb1  cy Xc-Xb F Yc-Yb

+.. ex Ix-b cx • -"yb

F /F = tan 4 (5.16)
cy cx

F" F F 0 (5.17) '
F ex cx Fbx 0

~-"

. ey + Fcy + Fby 0

Since F and F are known, F and F can be calculated from the
ex ey cx cy

,.... . . . . . . . . .

• ,,- ,,-a---' i-a~~~~... .. ,...w'...,..............mlm ill . ... ....... ... .. ... .... . .
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first two equations. The resultant force at C is the bearing load at

C. The bearing load at D is opposite in direction and has the same

magnitude as the bearing load at C. By substituting F and F into

Equations (5.17) and (5.18), Fbx and Fby can be solved for. The

resultant force is the bearing load at B. The bearing load at A is

* opposite in direction and has the same magnitude as the bearing load at

B. The actuating torque Ta can be found by solving the following

equation.

Ta - Fbx b -Y I by IXb-Xa 1 0 (5.19)

YFh H
FhF

D hy

Ga
A 8

G

. FF b y

F gy Fb
B

Figure 5.28: Free body diagram of the driving
crank with linear actuator.
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Figure 5.29 shows an example of the actuating torque of an four-bar leg

in one step. The maximum actuating torque is at the level of 17,000

inch-pounds. Since the weights of commercial rotary actuators capable

of this torque are too large to be acceptable, a linear actuator is

selected as the main actuator.

The mounting positions of the linear actuator are selected

according to the compactness requirement and the load distribution

over a step. An even load distribution is desirable because it gives

the least energy waste, especially when a constant pressure hydraulic

power source is used. The bearing loads and the actuating force are

calculated as follows: from Figure 5.28, applying static equilibrium

gives

F Xb-Xa F b + F g x -X + Fgx  (Y -Y = 0

Eby oYaI Fbx IbaI gy g a gx g a

(5.20)

F /F =tan y (5.21)
gy gx

F ;F +F 0 (5.22)
bx + gx ax

Fby + F +F 0 (5.23)by Fgy ay

The load at pivot G can be found by solving equations (5.20) and (5.21).

The resultant force is the bearing load at G and also the actuating

force. Substituting these values into equations (5.22) and (5.23), ".

F and Fa can be found. The resultant force is the bearing load at A.
ax ay

The stroke of the linear actuator is the length difference of GH at A

the two extreme positions in one cycle.

...................................... .. ", ..
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In the program FORBAR, two mounting positions can be selected

interactively by either keyboard or cursor. The bearing loads and the

actuating force in one step are then calculated. By the method of

trial and error with the help of experience, a set of optimal mounting

positions can be located. If none of the mounting positions is

satisfactory, a new leg linkage should be used.

5.3.5 Interference

After the leg linkage and mounting positions of the main actuator

have been determined, the critical positions of the two adjacent legs

during walking are studied by a graphical method. If any interference

occurs, actions such as changing the leg linkage and/or mounting posi-

tions are taken to eliminate this problem. Figure 5.30 shows the

critical positions of the leg linkage in Figure 5.23 with an optimal

mounting position of the main actuator. The knee joint of the rear leg

may interfere with the shank of the leg ahead of it. Hence, the stroke

pitch should be extended to 5.4 feet in order to avoid this interfer-

-' ence. The leg width of this linkage is 3.6 feet. Experience shows

that leg linkages with a leg width greater than 3.5 feet have little

chance of avoiding such interference. This interference study can also

be done in FORBAR.

5.3.6 Abduction and Adduction

In order to change the direction of the walking machine, the leg

should be able to swing laterally or, using biological terminology, to

adduct and abduct. One easy way to do this is to mount the entire leg
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on a member which is mounted on a longitudinal horizontal hinge on

the frame of the body. A linear actuator is then used to rotate this

member inward or outward. The positions of the hinged axis and the

linear actuator depend on the body structure of the ASV. However,

the rotation angle for abduction and adduction should not be excessive

because of the resulting large bending moments on the leg links and

slide mechanisms.

The bearing loads when the leg is abducted or adducted are

different from those when the leg is standing vertically. Since

lateral deflection of the links is significant at abduction and

adduction, and since the load distribution is very sensitive to the

" lateral distribution, the load distribution on each joint can not

be solved for analytically. In this case, a finite element program

is required to calculate the load distribution.

7
A finite element program SUPERB was used for this analysis.

Models of the four-bar leg at five critical positions were made of

space beam elements. These five critical positions are the four

ocrners of the walking envelope and the normal position. The detailed

information of one of the models, the input file and the results of

the analysis are shown in Appendix C. These results were reviewed by

the engineer who did the design of the mechanical parts of the leg.

If any load is found to be excessive, the leg has to be redesigned.

7 SUPERB is a product of the Structural Dynamics Research Corp.,
Milford, Ohio.
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A maximum crank angle of 200 in both abduction and adduction was

found to be acceptable in both load distribution and lateral stroke.

The mounting and the selection of the lateral actuator should provide

both the required stroke and the actuating force.

5.4 Design of a seven-Bar Leg

As mentioned in Section 5.3.3, a four foot vertical stroke was

required in order to satisfy the mobility requirement of the ASV.

The vertical stroke can be obtained by attaching a linear shank

actuator to the coupler of the four-bar leg. It was also pointed out

that such an arrangement was not practical from the mechanical

" design point of view. The reasons for this are that this long shank

actuator, at least four feet in stroke, raises two problems:

mechanical strength and the compactness.

The foot should bear the shock load which results when it kicks any

obstacle during walking. The load condition at this time is like a

long and slim cantilever beam struck by a haavy shock load. This

load condition becomes even more serious when the shank actuator is

fully extended. Hence, excessive care is needed in designing this

linear actuator. The shank should be as light as possible because

it strongly affects the inertia of the leg, and hence the energy

*efficiency. Under this constraint, the design of the shank actuator

;. becomes difficult.

In order to have good actuator control, a double ended actuator

is required. For a 4-foot linear actuator, a 13-foot space is needed

for full extention and contraction. Obviously, this length is too

!
f-.. ... *~*. * .C r%~- C '.. : ~ . ~ C'°*C.•
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long for the ASV. Figure 5.31 shows an overall arrangement of the ASV

with four-bar legs. It appears that the legs are too bulky. Remember

that the stroke of these legs is 4 feet with no overstroke between

legs. Later, the results of gait analysis showed that a 6 foot

stroke was preferable and overstroke between legs was required. The

legs should be magnified by a factor of 1.5 in order to have 6 foot

stroke. Therefore, the compactness of the legs becomes a serious

problem.

Both problems mentioned above indicate that different mechanisms

should be designed to replace the long shank actuator. Fortunately.

the vertical motion of the foot does not have to be an exact straight

line. Therefore, a four-bar linkage which generates an approximate

straight line can be used again for this purpose. The main concern

here is whether this four-bar linkage, referred to as the "shank

linkage" from now on, is compact enough to fit within the space .-

constraints without causing an interference problem. Again, RECSYN

was used to design the shank linkage. When the shank linkage is

mounted on the coupler of the four-bar leg, the leg becomes a seven-

bar leg. In the following, the design procedure for a seven-bar leg

is described.

5.4.1 Calculation of Design Positions

For a selected main linkage, the design positions of the foot

for the shank linkage are calculated as follows. Due to the size

constraints of the leg, it is more economic in the usage of space to

put one of the fixed pivots of the shank linkage on a moving pivot

............. **,*.** . .

. . . . . . . . . . . . . . . . . . . . . . . . . .
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of the main linkage. The linkage height h can then be calculated as

the distance from the moving pivot to the desired foot path (see

Figure 5.32). The maximal joint angle, a, and the length, a, of the

crank are then chosen. The four design points on the foot path are

selected using Chebychev spacing. Hence,

X, - X *cos 22.50

a r

X= - X cos 67.5(X2 Xa r (5.24

X= X + X • cos 67.50
3 a r

X X + X Cos 22.50
4. a r

where

Xa [f + (f-s)]/2

Xr = If- (f-s))/2

The angles 1 through 6 corresponding to X through X4,1 4 p tX

respectively, can be calculated8 according to the geometry shown in

Figure 5.32. The equation for e is

tan ( B - (A2 +B 2 -C2)/ 2  5.25)
A C+

where

Fdn.i

.': For detailed derivation, please refer to Section 5.3.2.1.
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Ib.

CO,

Figure 5.32: Design positions of shank linkage

A =-2b *X

B =-2b *h

C 2 + 
2 

-a
2 + X

5.4.2 Shank Linkage Design

The design procedure is similar to that for the design of the main

L linkage. Figure 5.33 shows one of the shank linkages generated by

I. RECSYN. This shank linkage was entered into FORBAR and a foot

trajectory was generated (see Figure 5.34). The shank linkage was then



288

0 .0

.54

00

09 pq o 04 O
w w w bo w



289 .

to
Cd

' 11

cd

-4

.. .. .. .. .C.. . . . . . . . . . .. . . . . .. .. .t. . . .

UluU

,-s

W50 e 00

• .- d d.

.ell

o --Q.

g - S -,-*.~..

- .3 * Z

-,,,-J~ a)-le' -. -.-... ........- ;- .
I | i " I ' " I II I' II 8I- | I 4 i . 0 , .. '. i ' , " "



290

mounted on the main linkage to form a seven-bar linkage. Figure 5.35

shows that the coupler of the four-bar leg is replaced by the shank

linkage. This seven-bar linkage was then animated to generate the

walking envelope and is shown in Figure 5.36. Good foot trajectories

could be obtained provided appropriate linkage designs are used.

The compactness in the vertical direction is much better than that of

a four-bar leg.

FORBAR was also used to study the interference problem between

legs. Figures 5.37a, 5.37b and 5.37c show the pictures of two legs

at their extreme positions when the legs are fully raised, are in

the normal height, and are fully extended, respectively. The

interference problem is less serious than it is for the four-bar legs.

(If the stroke is magnified to 6 feet, interference between the

legs will appear.). A small overstroke exists when the legs are

fully extended. The rest of the design, such as the optimization of

the shank linkage, determination of bearing load and actuating load,

selection of mounting positions of the main actuator, stress analysis

using finite element methods...etc., are similar to those used for

the four-bar leg. Many iterations on the leg design were made in

order to obtain a few seven-bar legs which satisfy all design

specifications.

Figure 5.38 shows the final design of the seven-bar leg. Notice

that one crank of the shank linkage is bent in order to avoid inter-

ference between the links. The shank drive system was selected to be

a short linear actuator with a gear and rack system because a large

.. . . ,- ..,
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(a)

(b)

(c)

Figure 5.37: Interference study of seven-bar legs.
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crank rotation angle is required for the full stroke motion.

Although the seven-bar leg partially solved the design problems

inherent in the four-bar leg, a few design problem characteristics

of the seven-bar leg remained to be overcome. One was that the

thickness of the leg increased due to the fact that many links overlap

the same space. The second was that the lateral rigidity was degraded

due to a longer stress path from the ground to the frame of the body.

The third was that the compactness of the leg in the longitudinal

direction was left unsolved.

5.5 Summary

In this chapter, principles to improve the poor energy efficiency

of existing walking machines were introduced. In consideration of these

principles, a "mammal" type four-bar leg was designed. This design

procedure began with a four-bar linkage synthesis and its geometric

optimization. Several linkages which generate good approximations

to a straight line section were obtained. Methods of generating a

vertical stroke were also studied. A four-bar leg with a variable

crank can generate a vertical stroke of about 15% of the leg height

while the same linkage with a variable shank can generate a vertical

stroke of about 90% of the leg height. Hence, a four-bar linkage with

a variable shank was selected for the ASV. Following this decision,

analysis of bearing loads, actuating torque and mounting positions of

the main actuator, interference study and stress analysis by finite

element methods were carried out. Methods for abduction and adduction .

were also discussed.

•4
,Jr
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Two small scale machines using four-bar legs were built to test

the energy efficiency. The results of these tests were discussed

elsewhere [47, 48] and a comparison of the machine efficiencies to that

of the OSU Hexapod was made. It showed that significant improvement

in energy efficiency had been achieved. However, a four-bar leg with

a long linear shank actuator was found lacking in mechanical strength

and compactness.

A seven-bar leg was designed to diminish the shortcomings found

in four-bar legs. Several four-bar shank linkages were designed using

a similar procedure to that used in designing the main linkage. These

shank linkages were mounted on the coupler of the main linkage to form

a seven-bar leg in a computer program. The geometrical optimization

and design process, which are similar to those used in four-bar leg

design, were carried out for the seven-bar leg. Although the

mechanical strength and the vertical compactness were improved, the

seven-bar leg gave rise to some other minor problems such as thickness

and lateral deflection of the leg. The compactness in the longitudinal

direction of the leg was not as good as desired. Due to these

difficulties, a different leg mechanism was sought and will be

discussed in the next chapter.

* . .~ ~ .. *x...o
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Chapter 6

DESIGN OF A PANTOGRAPH LEG

6.1 Introduction

In Chapter 5, the design of leg geometry for a walking machine

using linkage synthesis was presented, and a four-bar leg and a

- seven-bar leg were designed. Both leg geometries were able to generate

an acceptable walking volume. However, both types of leg have

mechanical design problems and compactness problems. Although these

problems might be solved by intelligent design, thL construction

schedule of the ASV did not permit further time to be spent on

uncertain design concepts. A definite and functional leg geometry was

required for detailed mechanical design and manufacturing within a

limited time period. Hence, while some efforts were devoted to solution

of those problems, several other linkages which generate straight line

segments were also studied at the same time.

Among those linkages, pantograph mechanisms exhibited the most

potential as a suitable leg linkage and was selected for detailed

analysis after a short time. This selection was based on the following

reasons:

1. The input motions can be mechanically decoupled. The least
effort needed for foot trajectory control is expected.

d€ 297
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2. An exact-straight-line foot trajectory can be obtained by
actuating only one linear actuator. A high energy
efficiency is expected.

3. The leg geometry can be as compact as wished by adjusting
the magnification ratio.

4. Successful examples were demonstrated by the small scale
quadruped PV tI and the hexapod constructed by Kessis and
his colleagues (60].

The pantograph leg mechanisms of the PVII 1 is a three dimensional

pantograph mechanism (see Figure 6.1). The leg is mounted as an

"insect" type leg. In each leg, three linear actuators were designed

to provide the three degree-of-freedom motion of the foot. At both

points R and Q, each has a vertical joint between the actuating

system and the leg joint. The actuator in the Y direction does not

have a guideway system. When the actuator is extended, the load

condition that of a cantilever beam under lateral load. This structure

is suitable for a light weight vehicle (The PV II weighs 22 pounds.).

However, for a vehicle as heavy as the ASV (at least 3000 pounds),

serious structural problems would be raised if the leg mechanism of

the PV II were to be directly applied.

The history of pantograph mechanisms can be traced back to the

Seventeenth Century [55]. Pantographs have been used extensively in

embroidering machines, copying machines and magnifying mechanisms

since then. In the Nineteenth Century, a more general case of

pantograph, the skew pantograph or the plagiograph, was introduced by

1 The PV II was built by Hirose and Umetani [21]. Some related aspects

of this machine were also discussed in Sections 2.2 and S.1.
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Figure 6.1: The three dimensional pantograph
mechanisms used in PV II.

Sylvester [56, 57]. Both pantograph and skew pantograph are planar

mechanisms. Although pantograph mechanisms have been in used for such

a long time, the literature available on the geometric design of

pantographs is surprisingly sparse.

In Section 6.2, a theoretical background to pantographs is given.

Two basic theorems applying to planar pantographs are reviewed first.

The theorems applicable to three dimensional pantographs are then

Sdeveloped. In order to generate decoupled motion of the foot point,

I' atgah ssupiigysas
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the properties of different sets of principal axes are studied. The

singularities of pantographs are also discussed.

In Section 6.3, the detailed design procedure for a pantograph

leg is given. In a preliminary design study, a two dimensional

pantograph leg with a special frame structure is found to be suitable

for the ASV. The leg design is mostly done by graphical and experi-

mental methods due to the limited understanding of pantograph mechanism

design methods. A computer program PANTO was developed to assist the

design. Methods for the optimization of walking envelopes were also

introduced. These methods include the changing of the skew angle,

different actuator arrangements, different offsets of the walking

envelopes and the changing of the ratio of upper to lower links.

In Section 6.4, an analytical study of the pantograph mechanism

is given. The analytical results are used to confirm the leg geometry

designed by graphical and experimental methods. This analysis can be

extended to design a pantograph manipulator.

In Section 6.5, a comparison between a pantograph leg and a

seven-bar leg is made. The possible mechanical design problems in both
o4.

cases are also discussed. After all factor were considered, the

pantograph leg was selected to be the leg for the ASV.

6.2 Motion Characteristics of Pantographs

6.2.1 Nomenclature of Pantographs

Figure 6.2 shows a tow dimensional pantograph manipulator mounted

on a frame which rotates on a base. In order to provide a suitable

.1
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background to study the motion characteristics of pantographs, several

important terms are defined and are listed in the following in an

alphabetical order:

Actuator axes: In a pantograph, each input linear actuator is assumed
to act along a fixed axis. These axes are the
actuator axes.

Equivalent The triangle defined by points A, B and F in Figure 6.2.
triangle: Because of the motion geometry of the pantograph, the

equivalent triangles are similar triangles in all
positions during motion.

Fixed point: A point in the pantograph which does not move relative
to the frame during motion. There is no fixed point
in Figure 6.2.

Following This point (point F in Figure 6.2) follows the input
point: motion of the guiding point or points and generates

the desired output motion of the pantograph.

Frame axis: The axis on which the mounting frame rotates (see
Figure 6.2).

Guiding point: The point or points which are connected to the
actuators which generate input motions. In Figure
6.2, both A and B are guiding points.

Mounting frame: The frame on which a pantograph is mounted (see
Figure 6.2).

Plane axis: The axis on which the principal plane rotates. The
plane axis should pass through either the guiding
point or the reference point.

Principal The angle between the two adjacent links of the
angle: parallelgram. It is / CAE in Figure 6.2.

Principal axes: The unique subset of all actuator axes that result in
fully decoupled motion.

Principal The parallelogram linkage of a pantograph. It is
parallelogram: linkage ACDE in Figure 6.2.

Principal plane: The plane in which a planar pantograph operates; a
plane defined by the guiding point, the reference
point and the following point.

S.°S
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Reference point: The point to which the input motion and output
motion are referred. It may be a fixed point
or a moving point. In Figure 6.2, points A
and B are both reference points and guiding
points.

Skew angle: Angle 6 in Figure 6.2.

6.2.2 Two Dimensional (2D) Pantographs

6.2.2.1 Basic Theorems

Figure 6.3 shows a two dimensional skew pantograph mechanism.

Two similar triangular rigid bodies BCD and DEF are attached on the

principal parallelogram ACDE. Therefore, the following relationship

holds.

BC CD BD (6.1)" DE EF DF (.i

The angle , is the principal angle. The angle 6 is the skew angle

and is in the range of 0° < 6 < 3600. When this angle is either 0°

or 1800 the pantograph is called the simple pantograph. Figure 6.4

shows these two special cases. In the following, two theorems of

planar pantographs are introduced first, then more theoretical develop-

ment of both planar and three dimensional pantographs are presented.

Theorem 1 is the most basic theorem of planar skew pantographs

and was introduced by Sylvester [56,57]. In reference [59], Roth

applied this theorem to his study of some other motion features of

skew pantographs.

Theorem 1: In Figure 6.3, if point A is a revolute joint fixed

on the frame, then if any curve is traced by point B, a similar curve
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will be traced by point F. The curve will be magnified by the ratio

R and will rotate through an angle e, where

R AB (6.2)

Theorem 2: In Figure 6.3, if point A is released and point B is

a revolute joint fixed on the frame, then if any curve is traced by

point A, a similar curve will be traced by point F. The curve will

be magnified by the ratio R' and rotate through angle P, where

R= (R2 + 1 - 2R cos e)
l/ 2

(6.3)

-1 R *sin 0
- tan 1 R- - cos ) "

Proof: From Figure 6.3 we have

/ ACB 2iT - (T - 7+ = I + - = / AEF

Since

BC CD
D-E =  and AC = DE, CD AE

This gives

BC BC CD AE
AC DE EF EF

Hence, A ABC is similar to A AEF. This gives

AB BC BC DE
AFA CDEF

. . . . . . . . : . *. ..
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Also,

/ BAF = / CAE +/ BAC +/ EAF

= / CAE + / BAC +. ABC

= + [r - (n + -

Therefore, A ABF is similar to A BCD and A DEF during tracing. Since

point B is the fixed reference point and point A is the guiding point,

the motion of F is magnified by the factor BF/AB and is rotated through

/ ABF. According to the law of cosines

'ftm

BF = AB2  AF - 2AB • AF " cos e

so that

(BF/A) 2 = 1+ (AF/AB) 2 - 2(AF/AB) * cos 0

Now

R'= BF/AB = (1 + R- 2R • cos O)1/ 2

and from the law of sines,

sin P = (AF/BF) • sin 0

From the law of cosines,

= BF2 + A 2  AF2

2BF • AB

I*f

* . .-- . . . ft * * - t -- * . (- f ~ t t tf
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Hence

tan = sin /cos ij,

(AF/BF) * sin 8

(BF2 + AB2 - AF2)/(2BF * AB)

, A.

2(AF AB) * sin 8

= BF2 + AB2 -AF
2

Both the numerator and denominator are divided by AB2 to give

t 2(AF/AB) • sin 6

(BF/AB)2 + 1 (AF/AB).

i2R • sin "

1 + R2 - 2R• cos e + 1 - R2

which reduces to

tan R sin e

R cos e

Thus Theorem 2 is proved.

The Concept of Equivalent Triangle: From Theorem 1, the motion

of B and F can be visualized by replacing the whole pantograph by a

magnifiable triangle BAF, which is indicated by the dashed triangle

in Figure 6.3. This triangle can rotate on the reference point A -8

and expand or contract to a similar triangle simultaneously. Therefore,

wherever the guiding point B moves, the position of the following point

8 * - -' - -%' 1
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can be found by constructing a new triangle BAF which is similar to the

original one. This triangle is called the equivalent triangle. The

same concept can be applied to the case in which point B is the

reference point. This concept is very important and helpful in the

following analysis

6.2.2.2 Principal Axes and Actuator Arrangements

In order to produce decoupled rectilinear output motions, linear

actuators should be used to actuate the input motions of a pantograph.

A decoupled rectilinear motion is described as follows: For a selected

reference frame X-Y-Z, an X-movement of the following point can be

generated by actuating only one actuator. Similarly, a Y-movement

and a Z-movement can be generated by actuating respectively only the

second and the third actuator. The actuators which generate the X-

movement, Y-movement and Z-movement of the following point are called

the X-actuator, Y-actuator and Z-actuator, respectively. For a planar

pantograph, two linear actuators are necessary. The directions of

these two actuators are arbitrary except they may not be parallel to

one another. However, only one unique set of actuator axes can

generate decoupled motions. These special actuator axes are the

principal axes.

Let the following point of a pantograph be point F. Since both

points A and B can be a guiding point, there are four types of

actuator arrangement which generate decoupled motion (see Figure 6.5).

For each type of actuator arrangement, one unique set of principal

.
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axes can be defined. The way to locate the principal axes is by

applying the concept of equivalent triangles.

In Case 1 (see Figure 6.5a), X-Y is a chosen reference coordinate

system, and U-V is the principal axes to be defined. Let counter-

clockwise be the positive direction of angles. Then the angle 6 from

the guiding vector AB to the following vector AF is negative. Since

the trajectory of F is obtained by rotating the trajectory of B

through angle e, the motion of point B should be in a direction

which is at angle -e from the positive X-axis if a positive X-movement

of point F is desired. The direction of axis U is thus defined.

Likewise, B should move in a direction which is at angle -6 from the

positive Y-axis if a positive Y-movement of point F is desired. The

direction of axis V is thus defined. The origin of the principal

axes U-V does not have to be at point A.

In Case 2 (see Figure 6.5b), B is the fixed reference point. The

following vector BF is the direction found by rotating the guiding

vector BA through the angle P. p is positive in this case. By the

same argument given for Case 1, U is in the direction given by

rotating an angle -i from the positive X-axis and V is in the direction

given by rotating -i from the positive Y-axis.

In Case 3 (see Figure 6.5c), the X-movement of F is generated by

A and the Y-movement of F is generated by B separately. The axes U

and V can be determined by taking separated reference points, in this

case B and A, respectively. Thus axis U is determined by rotating an J-

angle -ip from positive X-axis about point A, and V is determined by

rotating an angle -i from positive Y-axis about point B.

.......................-.. ***''..,.
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In Case 4 (see Figure 6.5d), B generages X-movement of F and A

generates Y-movement of F. By the argument given above, U is at

angle -e from the positive X-axis through B, and V is at angle -%

from positive Y-axis through A. M.

6.2.2.3 Singularities of 2D Pantographs

A geometrically singular position occurs when any three points

defining a dyad in a pantograph Are colinear. Figure 6.6 shows an

example of a singular position where points A,C,B, points B,D,F,

and points A,E,F are in colinear lines. When a pantograph is moved

close to a singular position, it will either be stopped at the

singular position or lose the motion characteristic after it passes

the singular position. Also, motion in the neighborhood of a singular

position creates high load in the link members. Therefore, elimination

of singularities for a pantograph is necessary. Two angles, / CAE

and / ACB are used to detect the singularities for a planar pantograph.

%lhen any of these angles becomes either 00 or 1800, a singular position

is indicated.

6.2.3 Three Dimensional (3D) Pantographs

6.2.3.1 Basic Theorems

In Figure 6.7, ABF is the equivalent triangle of a planar

pantograph. Therefore, points A, B and F define the principal plane.

X-Y is a reference coordinate system in the principal plane. The

Z-axis completes the three dimensional coordinate system according

.7"
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to the right hand rule. Let 1234 be the planar work space of the

following point F. If the reference point A is mounted on a pivot

with plane axis m, which plane axis m is not parallel to the Z-axis,

the planar work space can be extended into three dimensions by rotating

the principal plane about plane axis m. The guiding point B should

also be mounted on a pivot with pivot axis in the same direction as m

so that such a rotation could be possible.

However, most of the three dimensional motions gneerated in this

way are not fully decoupled. In fact, pantographs, except simple

pantographs are all in this category. Rather than prove such a

statement, an example is given below to show that a decoupled motion

is impossible for these kinds of pantographs.

Figure 6.8a shows the equivalent triangle of a pantograph with

a 900 skew angle. X-Y-Z is the reference coordinate system and X-Y is

in the initial position of the principal plane. Point A is mounted on

a pivot with plane axis m and m is in the principal plane. Assume a

fully decoupled three dimensional motion can be generated by this

pantograph. If B is moved in a straight line in the Z direction, F

should follow along a straight line in the negative Z direction.

After movement the equivalent triangle becomes AB'F'. According to

Theorem 1 and the concept of the equivalent triangle, AAB'F should be

similar to A ABF. That is, / B'AF' should be 900. However, / B'AF'

is not 900. This can be understood by cutting two orthogonal planes

with a third plane (see Figure 6.8b). The angles of the edges in the

cutting plane change when the orientation of the cutting plane

* Iq

!... .. * .- *-.-* .. -. .,, . .- . .* .*. ,. . . . ...-
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Figure 6.8: The impossibility of a 3D fully decoupled skew

pantograph.
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* changes. Only when the third plane is perpendicular to either of

these two planes, does the cut produce a 900 edge angle.

The same feature can be observed when m is not in the principal

plane and when the skew angle is not 90% This means the motion in

the Z-direction is not decoupled. However, a fully decoupled motion

can be generated by simple pantographs and is shown in the following

theorems.

Theorem 3: In a simple pantograph, the reference point A is

mounted on-a plane axis which is not perpendicular to the principal

plane. If any three dimensional curve is traced by point B, a similar

three dimemsional curve will be traced by point F. The curve will be

magnified by the ratio R and rotate through its skew angle (either 0*

or 1800). Where

R AF (6.4)
AB

Proof: Since the skew angle is either 00 or 180, the equivalent

triangle becomes an extendable bar (see Figure 6.9). From Theorem 1,

AF/AB is constant during a planar motion. The same relationship must

hold in three dimensional motion since the pantograph always remains

in its principal plane. Figure 6.9a shows the simple pantograph with

a 1800 skew angle. B'AF' is the pantograph after movement. Since

AF/AB is constant in all positions, AF'/AB' = AF/AB = R. Therefore

BB' is parallel to FF' and FF'/BB' is equal to R. Since B' and F' are

opposite to BF, the motion is rotated through 180. Figure 6.9b

shows the simple pantograph with 0* skew angle. Since B' and F' are

:...-'.
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Figure 6.9: 3D simple pantograph.
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on the same side to BF, the motion is rotated through 0. Therefore,

the motion of F is rotated from the input motion by the skew angle

for both simple pantographs.

Theorem 4: In a simple pantograph, the reference point B is

mounted on a plane axis which is not perpendicular to the principal

plane. If any three dimensional curve is traced by point A, a similar

" three dimensional curve will be traced by point F. The curve will be

*" magnified by the ratio R' and rotate through an angle equal to 180 -e.

where

R= + R (6.5)

Proof: Since the planar relationship holds in all positions during

the motion, the magnification ratio is obtained by substituting

" e = 00 and 1800 into Theorem 2, which results in 1 + R. The rest of

the proof is very similar to that of Theorem 3. For a simple

pantograph with a 00 skew angle, B is between A and F. The motion is

thus rotated by 1800. For a simple pantograph with a 1800 skew angle,

A is between B and F. The motion has 00 degree rotation. Therefore,

a 1800 - e rotation angle satisfies both cases.

6.2.3.2 Principal Axes and Actuator Arrangements for 3D Pantographs

Since there are four possible actuator arrangements for a planar

* pantograph and either point A or point B can be connected to the third

actuator, eight possible types of actuator arrangements result for a

3D pantograph. For each type of actuator arrangement a set of principal

... 7
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axes can be defined as in the following: Let the X and Y axes be

in the principal plane and let the Z-axis complete the coordinate frame

by the right hand rule. Since the X-Y axes are in the principal

plane, two principal axes can be defined according to the rules for

principal axes of 2D pantographs. The third principal axis is parallel

to the Z-axis. By mounting three linear actuators on the principal

axes, a fully decoupled motion can be generated.

6.2.3.3 Singularities of 3D Simple Pantographs

In addition to the planar singularities which were previously

discussed, another singular position exists for 3D pantographs. Due

to the requirements of 3D motion, both points A and B should freely

rotate about a pair of parallel plane axes which are not perpendicular

to the principal plane. %hen these two plane axes become colinear,

the pantograph can freely rotate about this axis and is not under con-

trol. During such a rotation, the following point stays still for a 3D

simple pantograph while it moves around the colinear plane axes for

a 3D skew pantograph. This singular position is called the 3D

singularity in order to differentiate it from the planar singularities.

However, the 3D singular position does not create either non-linear

motion or high load in contrast to the planar singularities. The

uncontrolled rotation at the 3D singular position can be eliminated by

adding a simple device which restrains the pantograph from free

rotation.

...................................
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Figure 6.10: Analytical study of the work space for a 2D
simple pantograph.
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6.3 Design of a Pantograph Leg

6.3.1 Design Specifications

The design specifications of the pantograph leg were defined

according to the mobility requirements and are given below:

-. - Stroke pitch: 5 feet.

- Leg strokes:

* Longitudinal stroke: 6 feet.

* Vertical stroke: 4 feet.

* Lateral Stroke: 4 feet.

!-i - Loads: The vehicle weight was estimated to be 5,000
pounds at this time. The maximum loads at the
foot are:

* Vertical load: 2500 pounds.

* Horizontal load: 1287 pounds.

* Lateral load: 855 pounds

- Leg size:

* Leg height: 7 feet.

* Leg width: Provide no interference between legs.

* Leg thickness: As thin as possible; about 2 feet.

- Leg weight: 300 pounds per leg.

6.3.2 Design Procedure

In order to have a decoupled motion of the foot point, the

guiding point(s) of the pantograph should have linear motion.

Although the guiding point(s) can be actuated by a linkage which

Vo':

p. .

.'-. "2-
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321

generates straight line motion, this arrangement will add complication

to the leg mechanism. Also, the load distribution of the actuator in

one step becomes non-linear. If possible, the device which generates %

the input motion to the guiding point(s) should be a linear actuator(s). V

Since a linear actuator can not bear large lateral load when it is

extended, a guideway system should be included in the mechanism in

order to take the lateral load. The guideway should be heavy duty

because of the heavy load conditions of the ASV legs.

If a three dimensional pantograph is selected as the leg mechanism,

one of the guiding points must have two degree-of-freedom input motion.

A multi-step guideway system is needed for this guiding point. A

preliminary design of such a multi-step guideway system showed that the

system would be bulky and heavy. The concept of a three dimensional

pantograph leg was eventually given up due to this difficulty.

A two dimensional pantograph was found to be adequate for the

leg mechanism. No multi-step guideway system is needed if the two

degree-of-freedom input motion is separately actuated on two guiding

points. A preliminary design of the guideway system showed that a

light weight system is possible if the sliding joints are sandwiched

by two parrallel guideways. Hence, a two dimensional pantograph leg

mounted into a strong frame (see Figure 3.15) seemed to appropriate

for the ASV leg. The frame is rotated about a longitudinal axis by

the lateral actuator for leg abduction and adduction.

Thus, the two dimensional pantograph was chosen for detailed

leg design. The design procedure was similar to that of the four-bar
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leg design which was shown in Figure 5.14. The walking envelopes of

different 2D pantographs were studied with the help of the computer

program named PANTO. PANTO is an interactive program with graphical

capability. After information such as the magnification ratio, the

skew angle, the ratio of upper link to lower link, the actuator

arrangement, the knee angle at mid-position and the leg height was

entered, a pantograph leg was generated and displayed on the screen.

The program then requested that the motion limits of the joints be

entered. The walking envelope based on these constraints was then

generated. In general, the following motion constraints were assumed:

1. None of the angles between links can be greater than 1600.

2. None of the angles between links can be less than 20%.

3. The knee joint can not be lower than the foot.

4. The foot can not be higher than the maximum height defined
by the stroke of the lifting actuator.

Another capability of this program is the calculation of the bearing

loads according to the load conditions of the foot.

The magnification factor of the pantograph was selected based on

the compactness requirements and the results of stress analysis. A

greater magnification factor results in a smaller actuating stroke

and shorter actuators. However, the actuating load and the load taken

by links as well as by the guideway system becomes greater too. At

the initial stage of design, the minimum load condition was selected

because of the possible difficulty in the design of the guideway

system and the leg structure. Hence, the magnification factor was

selected according to the maximum stroke length which can be mounted

r-
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in the limited space. A magnification factor of 4 was selected.

The walking envelopes were then optimized by various methods

which will be described below. A few pantographs which generated

satisfactory walking envelopes were then selected for further design.

The interference problem between the links, the actuating systems,

the frame and adjacent legs was studied. The bearing loads based on

the vertical foot load condition were then calculated by the program.

Finally, the stress analysis of the leg links when the foot is

subjected to lateral load was studied by finite element methods. In

the design procedure, a new pantograph was selected if any design

criterion was not met.

6.3.2.1 Skew Angles and Actuator Arrangements

Pantograph legs with skew angles from 900 to 1800, and both T

type actuator arrangements and inverted T type actuator arrangements

were investigated. Figures 6.11 and 6.12 show some of the results.

The dotted lines indicate the available foot path. From the results,

it was found that the greater the skew angle is, the larger the area

of the envelope cross section. Using an overlay of a 6 by 4 feet

rectangle, an optimum walking envelope on the dotted line area can be

identified. As may be seen, one corner of the rectangle is truncated

because of rotary joint motion limits. In order to increase obstacle

crossing ability, the size of this truncation should be minimized.

The boundaries of the envelope can be shown to be segments of ellipses.

The analytical form of the envelope will be discussed later.

- - 4. .. . .-. .....

4- 4 " ]
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Pantographs with 1800 skew angle were selected for further design due

to their large walking envelopes.

Another feature is the difference of walking envelope between T

type and inverted T type actuator arrangement. The T type pantograph

has slightly better envelopes as is shown in Figure 6.11 and 6.12, but

this arrangement raises mechanical design problems. Since the two

guiding joints and the upper link of the leg are sandwiched between two

mounting plates (see front view of Figure 6.14), and the upper link

of the T type leg sweeps one edge of the plates during the motion, only

the other edge can be used to connect the two plates together. This

type of leg frame structure was considered to be too weak. Therefore,

inverted T type legs were selected for further optimization.

6.3.2.2 Offset of Walking Envelope

In Chapter 5, the overall walking volume was designed so that the

rear legs were mounted reversed relative to the front legs. The

reversing of the rear legs brings the offset of the center of stride

from the vertical slide axis into consideration. Since the stroke

pitch of the front and the middle pairs of legs and of the middle and

the rear pairs of legs must be the same for a symmetric walking gait,

the mounting space between the middle ana the rear legs would become

smaller because of the offset. This may reduce the required body

length of the vehicle. However, since more space between the legs is

needed for the mounting of the drive components, the offset should be

minimized.

• . . ,- . ° .o * .." ." . . ' "o o. . °. . . . . .. . . . .

'°-- * ~ - ..... " " % . .. .. " - . . . . . . . .--. . . " '
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6.3.2.3 Ratio of Upper Link to Lower Link

The last step of optimization was to vary the ratio of the upper

link to the lower link of the leg. The results showed that the smaller

the ratio is, the better the walking envelope is. However, the

distance of the two top joints can not be too small because of

physical constraints. The results showed that ratios between 0.65

and 0.75 give very good walking envelopes and good structural geome-

tries. A ratio of 0.7 was selected for further design. Figure 6.13

shows a comparison of the leg with ratio 0.7 to the leg with a unity

ratio. After the leg geometry was properly designed, the overall

geometry of the ASV was designed and is shown in Figure 6.14. The

rear legs are reversed on the basis of the results of the mobility

study.

6.3.3 Bearing Loads, Interference Study and Stress Analysis

The bearing loads at different foot positions were also calculated

by the program. The results showed that the forces are of similar

magnitude under the assumed joint limit positions, and they tend to

very high values for some foot positions which go beyond the motion

limits.

Interference between links, frame and actuating systems can be

avoided by careful design. Figure 6.15 shows a design proposed by the

engineers in the ASV project. Two pairs of actuators are mounted

outside the frame for the two degree-of-freedom motion. These

actuators are specially designed so that the oil is fed through the

rods instead of into ports in the barrels. The reasons for this

* *.o-
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Figure 6.13: Comparison of walking envelopes of two
pantograph legs.
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design are not only reduction of mounting space, but also for the

dynamic characteristics required by a hydrostatic driving system.

The interference between adjacent legs was studied by graphical

methods. In Figure 6.14, the middle leg at its extreme positions is

drawn in dashed lines. The space required for the link motion is

mainly from the vertical slide axis to a distance equal to the upper

link length ahead of it. If the driving components of the front leg

are mounted outside this region, the interference is eliminated. The

whole space between the middle and the rear legs can be used for the

mounting of the driving components of these two legs.

The stress analysis of the leg under lateral load conditions was

studied by finite element methods. Models of space beam elements were

created according to five foot positions (four on the corners of the

envelope and the normal position). The approach to this analysis is

very similar to that used for the four-bar leg. The results were

reviewed by the design engineers in the ASV projects. A leg geometry

with ratio of 0.7 as shown in Figure 6.13 was found acceptable in all

areas of the design specifications.

6.4 Analytical Study of the WalkingEnvelope of a Planar Pantograph Leg

The walking envelope of a pantograph leg is generally related to

some physical motion limits, the singular positions, the strokes of the

linear actuators and the actuator arrangements. The physical motion T

limits can be the results of interference between links, actuators,

slides and the structure. Since interference can be avoided by careful

design, it is not considered in this analysis.
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As it was discussed in Section 6.2.2.3, singular positions

created non-linear foot motion and high loads in link members. Hence,

elimination of these positions is the first objective of this analysis.

The strokes of linear actuators are sized according to the required

walking envelope. The actuator arrangement will change the shape of

the walking envelope. This arrangement should be designed giving

due consideration to the problems of interference, load distribution,

and ease of construction. The following is an analytical study of the

walking envelope of planar pantograph leg.

6.4.1 Formulation of Equations of Motion Limits

The four motion constraints, or the motion limits, given in

Section 6.3.2 can be described by four mathematical equations. By

plotting these equations together, the walking envelope is obtained.

6.4.1.1 Equations of Motion Limits 1 and 2

The equations for the simple pantograph are derived first, then

the general case of the skew pantograph is considered. If the angles

between the links of a pantograph are kept constant, the whole

mechanism will act as a rigid body on a double slide, that is, as an

elliptic trammel mechanism [59]. Figures 6.10a through 6.10d show the

four cases of actuator arrangements of a simple pantograph.

Referring to Figure 6.10a, let p = AF, q = BF. For case 1,

a. the position of following point F can be defined as:

". .. - -
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= p cos

(6.6)

Y = p • sin .
£

Squaring both sides of the equations and adding gives

Xf + yf p (6.7)

This is an equation of a circle with radius AF and center at (0,0).

For Case 2, referring to Figure 6.9b, a similar derivation gives

X Y =q 2  (6.8)

where

q = p + AB ((R + l)/R) • p (6.9)

Again, this is an equation of a circle.

For Case 3, referring to Figure 6.10c, the position of F can be

defined as:

Xf= q cos"

(6.10)

Yf p sin

Squaring both sides of the equations and adding gives

Xf+ (6.11)

2 2q p

Since q $ p, this is an equation of an ellipse.

For case 4, referring to Figure 6.10d, the following point F

can be defined as:

, . . . - . . . . . . . . . . . . . . . . .. -' = ... '. •
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Xf = Cos 8

(6.12)

Yf q • sin -

This gives

Xf yf2  (6.13)• ~+-*--= 1 (.3 ;

2 2
p q

This is an ellipse which is identical in shape to the ellipse of

Equation (611) but rotated through 900.

The equations fo motion limits 1 and 2 are obtained by substituting

the following two values of p respectively into Equations (6.7),

(6.8), (6.11) or (6.13) according to the actuator arrangement.

[ AE 2 + EF2 - 2AE - EF *cos (1600 ) ] 1/2 (6.14)
Pmax

Pmin =[AE2 + EF2 - 2AE - EF • cos (200)]1/2 (6.15)

For skew pantographs other than simple pantographs, similar

results are obtained. For Case 1, the equation is the same as

equation (6.7). For Case 2, the equation is the same as equation (6.8).

However, the value BF becomes

q = (1 + R- 2 • R • cos . (p/R) (6.16)

The value of ¢ is 1600 and 200 for motion limits 1 and 2, respectively.

For Cases 3 and 4, the derivation of the equations is more

complicated. Figure 6.16 shows a skew pantograph with a Case 3 actuator

arrangement. The following point F is defined by:
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Figure 6.16: Analytical study of motion limit I and 2 of a skew
pantograph leg with case 3 actuator arrangement.
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X - e + p • cos

(6.17)

Y, =p sin
f p

The law of sines applied to triangle OAB gives:

OA/sin ( OBA) = AB/sin ( AOB))

Substituting the values of angles gives

e/sin (17/2 + a-4) = AB/sin (8+4)- 7/2)

which gives

e= [cos (S-4) •p]l/[cos (0+4)) • R]

= [(-cos 8 " cos 4- sin 8 " sin 4) • p]/[R • cos (e + 4)])

Therefore equation (6.17) becomes:

X X+ sin p sin 8] p _ Cos Cos

[f+ R cos (e + in R •cos (e( ] 4 o

Yf = p • sin S (6.18)

Eliminating S on the right side and letting sin 5 = Yf/p, the equation

of the locus becomes: 'U

a Xf 2 + 2h• Xf •Y + by + c = 0 (6.19)

where .-

iI

. .... ...... ......
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a = 1/fp2  • [1 - cosp/(R Cos (e +4))]2}

h= a d

b = a d+ 1(p,)

C = -1

d - sin */[R * cos (0 +

This is the equation of a conic. Recall that the characteristic

equation D specifies the sub-type of the conic:

D= (6.20)
hb

where D > 0 for an ellipse

D = 0 for a parabola

D < 0 for a hyperbola

Substituting the values of a, b and h into equation of D gives

D = a/(P 2 ) > 0 (6.21)

Therefore, this is an equation of an ellipse. The principal axis of

the ellipse intersects the X axis at angle a, where

-1
a= (1/2) tan [2h/(a- b)] (6.22)

The equation of Case 4 can be derived in a similar way.

Referring to Figure 6.17, the following point F is defined by:

ft. ft ft t f.. .~. C ..............

".". . .. . . . .- . .. .,' -'"-2"'" " ."". "'"" ,""- ," - .- .- , .- " ..- " .'.-." '-.' ,-' ".-ft- '-
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X f = e + q cos~

(6.23)
Yf = q - sinl

The resulting equation becomes

a' X 2f + 2h' Xf *Y+ b' Yf2 +C, 0 (6.24)

where

a, = /fp2 * R'/R co CO /(R cos (e + j)2

h= a' d*

b' a' *d' 2 + /[(R'/R) *p]1
2

d= sin Wp[R' cos (e +~)

The principal axis of this ellipse intersects the X-axis with an

angle ae', where

1, (l/2)tan [2h'/(a' b')] (6.25)

6.4.1.2 Equation of Motion Limit 3

Figure 6.18 shows a skew pantograph at the position of motion

limit 3 in which points D and F are on the same level. The position

* of point F relative to the ground coordinate system can be defined as

Xf CD *cos -DF *cos tp+ OC (6.26)
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Y = CD • sin - DF • sin i (6.27)
f

The relationship between the angles of the triangle OBC is shown at

the bottom of the figure. Applying the law of sines gives

sin (/2 +B

sin (e + 7T - /2)

-cos ¢ S 1os - sin € • sin $ . CD (6.28)
R • cos (6 + ip)

Substitution of Equation (6.28) into Equation (6.26) and movement of

all terms to the left side except cos d, also, movement of all terms

of Equation (6.27) to the left side except sin O, followed by elimina-

tion by squaring followed by an addition of these two resultant

equations, and finally substitution of the following equation into the

remained equation gives an equation of conic.

Y +DF• sin iP
f

sin € = (6.29)
CD

Further manipulation of the resulted equation of conic leads to the

following equation:

a Xf 2 2h • Xf • Yf + b yf + 2 g Xf + 2 f Yf +C =0

(6.30)

where

a = 1/{CD2 • [1 - cos /(R • cos (e + )1l}

h=a d

U ig

od *
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Figure 6.18: A skew pantograph leg at position of motion limit 3.
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b = a d + l/(CD2 )

gqa.

f =e (a d2 + II/(CD 2)+ a i •d

c = e2 • [a d2 + 1/(CD2)] + 2a • i • d • e + a • i2 - 1

d = sin i/[R • cos (e + 1'

e = DF °  sin -

i = DF • cos t

Applying Equation (6.20) gives D = a/(CD2) > 0. Therefore, this is an

equation of an ellipse. The angle a between the principal axis of the

ellipse and the X axis is

= (1/2)tan [2h/(a - b)] (6.31)

6.4.1.3 Equation of Motion Limit 4

For any skew pantograph, since the two linear actuators are on

the principal axes U-V, let the strokes of these two actuators be

bounded by

UI < U < U2
12

(6.32)
V 1 < V < V2

12

If the reference coordinate system X-Y has its origin at the inter-

section of the two principal axes, the accessible region of point F

," •

,:-. .
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can be defined according to each case.

For Case 1

R UI < Xf < R U

(6.33)
R V< Yf < R V2

For Case 2

(R + 1) • U1 < Xf < (R + 1) • U2

(6.34)
(R + 1) • V1 < Yf < (R + 1) • V2

For Case 3

R U < X < R U
- f- 2

(6.35)

(R + 1) V1 <Yf < (R + 1) V2

For Case 4

(R +1)• U1 < Xf < (R + 1) U2

(6.36)

R V <Y <R
1- fR V2

The regions defined by these equations are either squares or rectangles.

For a given planar skew pantograph with a specified actuator

arrangement, the corresponding equations of motion limits 1, 2, 3 and

4 can be established by substituting the parameters of the pantograph

into the derived equations. By plotting these four equations together,

four areas which are permitted by the corresponding motion limit are

identified. The inte-section of these four areas is the walking

. . . . . . ...... ~*-... N.. 7
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envelope. Figure 6.19 shows an example of a walking envelope obtained

by this method. A few pantograph leg geometries were selected to find

their walking envelopes using this method. The results are consistent

with the walking envelopes obtained through computer program PANTO.

6.4.2 Optimization of Walking Envelope

The way to optimize the walking envelope by analytical methods is

to construct the walking envelopes of pantograph leg geometries with

different skew angles, actuator arrangements, ratios of upper link

length to lower link length ... etc. The optimal walking envelope can

be selected according to the requirements. However, if the relationship

of the shapes of the ellipses to each parameter is understood, the

optimization will be easier. The following discussion demonstrates a

simple relationship between the ellipses of motion limit I and the

skew angle of a given pantograph leg. Other relationships can be found

by similar approach to that presented.

For any given skew pantograph, a reference coordinate system is

chosen so that the X-actuator, which generates X-movement of the X -Y gg-

coordinates, is in line with the X-axis. Since skew angles greater-

than 1800 usually cause interference problems between the links, only

skew angles between 0° and 1800 are studied here. If the principal

parallelogram remains the same, the variation of the skew angle only

changes the length of BF of the equivalent triangle while keeping AB

and AF the same.

For Case 1, the work space does not change at all. For case 2,

the accessible region defined by motion limit 1 changes because the

--, ,..., . .. _.:_.. k. . , . :. , :. ,== : . " .. ,". .- . .. . . ." ... " . ' -,
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radius BF of the circles changes. The difference is easy to understand.

For Case 3, the influence is more hidden. Equations (6.19) and (6.22)

give the equation of the ellipse and the direction of its principal

axis. However, the angle a in equation (6.22) may be either the direc-

tion of the long axis or that of the short axis. A coordinate trans-

formation through angle a should be calculated and compare the

coefficients of X'2 and y,2. If the coefficient of X'2 is greater

than that of y, 2, the angle a should be replaced by 90' + a. By

rotating the reference coordinates through the new angle a, the equation

of the ellipse in the new coordinate frame XV-Y' is simplified into the

standard form of an ellipse

X12  y12
A + - 1 (6.37)

2 2

where A > B. 2A is the length of the long axis and 2B is the length

of the short axis of the ellipse. The values of A and B are the

inverses of the two roots of the following equation respectively.

Z2  (a + b) - Z + D : 0 (6.38)

where a and b are defined in equation (6.19) and D is defined in

equation (6.20). By knowing A, B and the rotation angle c, the

ellipse can be plotted easily. By plotting the ellipses of different

skew angles, the affect of the skew angle on the work space can be

seen. Figure 6.20 shows ellipses for pantographs of different skew

angles with AB = 0.8, R = 4 and principal angle ¢ = 160. As the skew

...........................
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angle increases from 0 to 1800 the size of the ellipse increases,

i.e., both elliptic axes increase, and the angle between the long axis

and the corresponding X-direction decreases from 900 to 0. Since the

X-axis of the reference frame also rotates through an angle- from

the X-axis relative to X -Yg, the direction of the long axis relative

to X -Y becomes a - '. Thus it rotates from -90 to 00 as e increases. - .
gg
Another feature observed is that the difference between the two

elliptic axes changes as 8 changes. It starts with a value 2AB when

e is 0' and increases to a maximum at e = 90, then decreases to its

initial value 2AB at e = 1800. This means that the shape of the

ellipse becomes sharper when e is closer to 90. The parameters of

the ellipses of motion limit 1 with different skew angles are tabu-

lated in Table 6.1.

Table 6.1

Characteristics of ellipses of motion limit 1 with

°, -case 3 actuator arrangement, AB = 0.8, R = 4 and @ = 1600.

( ct-'P 2A 2B 2A -2B

0 90.00 -90.00 6.40 4.80 1.60
30 67.94 -72.99 6.60 4.98 1.62
45 58.15 -67.43 6.81 5.17 1.64
60 49.40 -56.70 7.05 5.40 1.65
90 34.53 -42.43 7.47 5.82 1.65

120 22.02 -27.09 7.77 6.14 6.63
135 16.27 -20.18 7.88 6.26 1.62
150 10.75 -13.38 7.94 6.33 1.61
180 0.00 0.00 8.00 6.40 1.60
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For the case 4 actuator arrangements, by applying equations (6.24)

and (6.25) a similar result is obtained. As the skew angle increases

from 0* to 1800 the size of ellipse increases and the direction of the

long axis relative to X -Y rotates from 00 to 900.

The relationships of the shapes of ellipses corresponding to

other motion limits to each optimization factor can be established in a

similar way. The understanding of these relationships would save much

time in optimizing a pantograph leg. These relationships can be easily

extended to optimize the work space of a pantograph manipulator.

6.5 Comparison of the Seven-Bar and the Pantograph Leg

The advantages and disadvantages of the two leg geometries can

be summarized as follows:

Seven-Bar Leg

Advantages:

1. The mechanism is connected by rotary joints only. This makes
the mechanical design easier and the mechanism more reliable.

Disadvantages:

1. It requires longer total mechanism to produce desired
walking envelope.

2. It only generates an approximate straight line foot path
when only the drive actuator is used.

3. It is likely to have less energy efficiency because a linear
motion is converted to a rotary motion, then is converted
back to a linear motion.

Pantograph Leg

Advantages:

, !
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1. The leg geometry is more compact.

2. It generates an exact straight line.

3. It is likely to have better energy efficiency due to
decoupled foot motion and exact straight line motion.

4. The actuators can be placed high on the leg minimizing
rotating inertia.

5. It has a simpler coordination control algorithm due to
decoupled motion and linear relationship between input
and output motions.

Disadvantages:

1. The two linear actuating systems are hard to design and may
have mechanical reliability problems.

Both the seven-bar leg and the pantograph leg have the potential

to be suitable legs for the ASV. The only difficulty in designing a

pantograph leg was the design of the heavy duty linear actuating

systems. This difficulty was eventually removed by a design engineer

in the ASV project. Hence, the pantograph leg was selected because

of the many advantages stated above. The detailed design of mechanical

parts of the leg can be found in reference [62].

Figure 6.21 shows a pantograph leg mounted on a frame. The

ratio of the upper link to the lower link of this leg is unity, as

indicated by the dashed lines in Figure 6.13, because the final leg

geometry was not available at the time of construction of this leg.

The shank is cranked to avoid possible interference between the leg and

obstacles in front of the leg. A passive hydraulic ankle is also

installed to keep the foot parallel to the body. This leg has been

operating in the laboratory and the performance is satisfactory.

........................................,.. .. ..,............ .... . . ...... .... ,.. . .. . .



351

Figure 6.21: The breadboard leg.
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6.6 Summary

In this chapter, a leg geometry based on a two dimensional

pantograph mechanism was designed. A theoretical derivation of the

basic theorems and equations relating to two and three dimensional

pantographs was given. The motion characteristics of pantographs were

then discussed. A leg geometry was designed by computer-aided .-

graphical methods. The walking envelope of this leg geometry was

optimized by varying the skew angle, using different actuator

arrangements, adjusting the offset of the walking envelope, and

changing the ratio of the upper link length to that of the lower link.

By virtue this design, a pantograph leg which meets all the design

specifications for the leg of the ASV was obtained. An analytical

study of the work spaces of two dimensional pantographs was also

given. The results of this analytical study confirmed the leg geometry

designed by graphical methods. Finally, a comparison of pantograph

legs to seven-bar legs was given, and the pantograph leg was selected

to be the leg of the ASV-84.

. ._
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Chapter 7

AN'KLE DESIGN

a 7.1 Introduction

Leg linkages which generate satisfactory walking volumes were

designed in Chapters 5 and 6. In those designs, a foot with rounded

sole rigidly attached to the shank was assumed. Since the foot

reference point was chosen to coincide with the center of the circular

foot profile, the leg height was not altered by the rolling of the foot

on the ground. Hence, the design of the leg linkage and the foot

design could be carried out separat~ly. However, the foot does

strongly affect the leg performance and should be considered concept-

ually in the leg design.

Some walking machines built in the past used a rigid foot design.

The G.E. Quadruped was one example of this type of foot design [10).

The shape of the foot used in the G.E. Quadruped was similar to a human

foot. Since the vehicle's motion did not depend on a foot effective

point which generates a straight line segment, the major function of

its foot was mainly to provide firm support at all angles of foot

contact. Other previously built walking machines have been equipped

with feet which have ankle joints. The PV II was of this type [21].
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The PV II used a parallel wire system to maintain foot attitude

during walking.

A complete foot design should include a sole design and an

ankle design. For each type of soil condition, a special sole should

be designed, and different soles should be mounted interchangably

on the foot according to the soil condition. A complete sole design

is complicated because soil mechanics should be involved in the

design. Hence, it is not the intention in this chapter to cover the

details of sole design. At this stage, a sole which provides

sufficient traction and proper contact pressure and enables the

vehicle to walk on hard surfaces should be adequate.

The ankle design has a strong affect on the leg performance.

Hence, in the design of the leg linkage it is necessary to conceptual-

ize the possible ankle systems which may be used on the vehicle.

In Section 7.2, a comparison between a rigid foot and a foot with an

ankle joint is made to show the importance of an ankle joint. In

Section 7.3, a few conceptual designs of active ankle joints are

introduced. In Section 7.4, two types of passive ankle systems,

the parallel linkage system and the hydraulic master-slave ankle

system, are introduced.

7.2 Rigid Foot and Foot with an Ankle Joint.

The rigid foot is simple in structure and was used on many

walking machines built in the past. Since the angle of the shank

relative to the ground changes continually during walking, the

J12 Rv
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foot is rolling on the ground surface during the support phase. This

change of shank angle is about 30° for the four-bar leg and the seven-

bar leg (for 4.5 foot stroke), and it is about 600 for the pantograph

leg (for 6 foot stroke and at normal walking height). Since the foot

reference point used in the leg design coincides with the center of

the foot profile, this rolling action does not alter the height of

the foot reference point. However, if no slip occurs between the

foot and the ground, the rolling action moves the foot reference

point horizontally during walking. Let the change of shank angle in

one step be e and the radius of the foot profile be R, then the

horizontal movement of the foot point is R • 0.

The rolling of the foot degrades the leg performance due to the

following three deficiencies: The first deficiency is that the

support of the foot is not firm. The vehicle usually depends on the

".
sensors on the foot to detect whether the soil condition is suitable

for weight bearing or not. If the contact area on which the foot is

first placed is suitable, but the contact area moves into a weak

soil area due to the foot rolling, the leg may lose its support and

cause the vehicle to fall.

The second deficiency is that the horizontal movement of the foot

reference point does not take place at constant speed due to the

varying angular speed of the shank. This horizontal movement will

alter the foot velocity relative to the body and make coordination

among the legs difficult. If this difference in speed among legs

which are on the ground is not compensated for by proper control,

::: .:.
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either slip of the feet or twisting of the body will occur and degrade

vehicle stability and efficiency.

The third deficiency is that a rolling rounded foot will waste

more energy in deforming the soil than a flat foot with an ankle

joint will do. This can be seen by referring to Figure 7.1. If

both feet have the same projected area and foot width, the maximum

depth of deformation dI of a round foot is greater than that of a

flat foot (d2) due to its smaller contact area. After the rigid

round foot is rolled through a step, the area of maximum deformation

d is lengthened by a distance of R 6 6 provided no slip occurs.
1

Hence, the total deformed length f is longer than f It is reasona-

ble to assume that the resisting force of the soil increases along

with the depth of deformation. Since most of the area of the footprint

made by the round foot is deeper than the footprint made by a flat

foot, more work is required for the rigid round foot in soil

deformation.

A proper design of a foot with an ankle joint can eliminate

all three deficiencies mentioned above. One type of ankle joint

which is found in walking machines built in the past is a ball or

gimbal free joint. This type of ankle is in use on the OSU Hexapod

[61]. Although this kind of ankle joint solves the problems mentioned

above, it raises two other problems on some occasions: hen the leg

movement is fast, the dynamic foot displacement would cause the foot

to be in a rotated position when it is placed, resulting in a stumble.

Hence, the foot attitude in transfer phase should be kept unchanged

.V4
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during leg motion. The second problem is that a small area as shown

in Figure 71.2, which may be crucial in obstacle crossing, can not be

selected for foot bearing if any free ankle joint is used. Hence,

an ankle joint which can bear certain amount of torque and maintain

constant foot attitude in support phase should be used. In general,

there are two kinds of ankle systems which may be -used to keep the

foot attitude unchanged during walking: One is an active ankle

system and the other is a passive ankle system.

7.3 Active Ankle System

An active ankle system has an actuator acting on the foot through

a crank or mechanism. Figure 7.3 shows two conceptual designs for

an active ankle system. In order to keep the foot attitude, the

actuator has to be operating continuously during walking.

The advantage of an active ankle joint is that the additional

degree of freedom increases the vehicle's mobility. However, an

active ankle system was not considered for use on the ASV for the

following two reasons: One is that the additional degree of freedom

complicates the leg control which is originally complicated enough.

The second reason is that to continue actuation during walking

consumes significant energy and degrades vehicle efficiency.

7.4 Passive Ankle System

A passive ankle system would keep the foot attitude unchanged

during walking without adding complexity to the leg control. Usually,

. .o. .° "

"- Te adantge o anactie anle ointis hat he aditonal°-,
. . . . . . . . . . . . . . .



359

Figure 7.2: A weak support of a foot with a free ankle joint.
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C(a)

Figure 7.3: Two conceptual designs of active ankle system.
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the normal foot attitude is chosen to be the same as the body attitude.

Two simple passive ankle systems are presented below: A parallel

linkage system and a hydraulic master-slave system.

7.4.1 Parallel Linkage System

Figure 7.4a shows a double parallel linkage. The attitude of

the middle coupler and the end coupler are kept the same as the base

in all positions which the end coupler can reach. Figure 7.4b

shows a modification of the double parallel linkage, which is the

well known mechanism used in drafting machines. The four connecting

cranks are replaced by machine elements which are rigid in the

longitudinal direction yet flexible in the lateral direction. During

motion, these flexible elements deflect on the round surfaces of the -.

base and the two couplers without a slip. This modified linkage -"

increases the reaching area of the end coupler. If the base is fixed

to the body of the vehicle, and the middle and the end couplers are

attached to the knee joint and the ankle joint, respectively, the

foot attitude is kept parallel to the body at all times. If more

joints exist between the ankel joint and the base, the same function

.2 can be achieved by adding one middle coupler to each middle joint.

This type of ankle system has been applied on the PV II [21], in

which a set of parallel linkages which maintains the foot attitude

unchanged in both longitudinal and lateral direction is used.

The advantage of the passive ankle system is that it is po-

tentially highly efficient. Figure 7.5 shows a pantograph leg with

..........% *.*'''-*- .*-.* *. ' ; ",- : "" - ' % .5>N N"_," .'
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Figure 7.4: Two sets of double parallel linkages.
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Figure 7.5: A parallel linkage passive ankle system.
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a parallel linkage ankle system. The pantograph leg is only partially

shown. Due to the heavy duty of the ankle for the ASV, roller

chains and gears are suggested to connect the foot, the knee joint and

the base, which is the sliding block. If there is any torque taken

by the foot, this torque is taken by the guide ways through the roller

chains. Since the reaction force Fnl and F is normal to the
.-n2

sliding motion, and the tension in roller chains is normal to the

motion of the chains, no work is required in maintaining the foot

attitude provided no friction exists in the system. If the system is

properly lubricated, a high energy efficiency of the ankle system can

reasonably be expected.

Since the ground under each foot is not always parallel to the

body attitude, a certain degree of rotary compliance of the foot is

necessary in order to assure a large contact area for weight bearing

and to reduce the torque taken by the ankle. This compliance may be

obtained by adding linear springs in the roller chains or rotary

springs on any joint, in addition to the compliance of the roller

chains. The stiffness of these springs depends on the minimum torque

requirement maintained at the ankle. Stopping blocks which constrain

the ankle from excessive rotation and provide greater torque at the

ankle should also be included in the system-. This would provide a

strong tip support at occasions such as that shown in Figure 7.2.

These stopping blocks should limit the angle of foot rotation to a

desirable range.

9. "
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7.4.2 Hydraulic Master-Slave Ankle System

7.4.2.1 Rotary Actuator System

A hydraulic master-slave system can also be used to maintain the

foot attitude. If the angular displacement of a crank relative to the

body is always the same as the angular displacement of the foot

relative to the shank throughout a step, a constant foot attitude can

be maintained by a master-slave system, which is composed of a pair of

identical rotary actuators. In a pantograph leg, since the foot atti-

:' tude should be constant relative to the sliding block, both the

shortest link and the shank have the same angular displacement relative

to the sliding block and to the foot, respectively. Thus, a master-

slave ankle system can be applied and is described as follows:

Referring to Figure 7.6, one rotary actuator is mounted to

connect the sliding block and the shortest link of the pantograph leg

so that the angular displacement of the rotary actuator is the angular

displacement of the link relative to the sliding block. The second

rotary actuator is mounted to connect the foot and the shank so that

the angular displacement of the rotary actuator is the angular

displacement of the shank relative to the foot. These two actuators

are connected together to form a closed hydraulic loop. During walking,

the first actuator, which is the master actuator, is actuated by the

leg motion and the oil trapped in it is forced into the second actuator,

which is the slave actuator, and actuates it through the same angle.

Hence, the foot attitude is maintained constant throughout one step.

.4,. ,' . o* . % % . % ,, - - . , . . - . ,- ., - . - . - o - o - . ° . * . - ° . . . . .-. ° . . - . .
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Figure 7.6: Hydraulic master-slave ankle system made by

% rotary actuators.
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Accumulators should be connected to both ends of the actuators in order

to provide the ankle with some rotary compliance.

Compared to the parallel linkage system, the advantage of this

system is that the connecting pipe lines between the two rotary

actuators can be adapted to any available space found in the leg.

The disavantage of this system is that regular commercial rotary

actuators are too heavy, and special light weight designs are too

expensive. The friction loss in machine elements of the parallel

linkage system becomes the friction loss in hydraulic pipe lines of the

master-slave ankle system. Hence, the energy efficiencies of both

systems are expected to be comparable.

In order to remove the disadvantages of rotary actuators, linear

actuators may be used instead. The following are four alternative

configurations of hydraulic master-slave ankle systems of this type.

7.4.2.2 Some Alternatives

Figure 7.7 shows the angular displacement of the shank relative

to the foot of the pantograph leg in one step (6 foot stroke). This

angular displacement is 1000when the foot is fully lifted and is 500

when the foot is fully extended. The total angular displacement needed

for the entire walking envelope is 115%. Hence, it is possible to

replace the two rotary actuators by a pair of identical linear

actuators.

%'-
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Figure 7.7: Angular displacement of the shank relative to the foot
of the pantograph leg in one step.

There are four arrangements of linear actuators which can generate

the desired ankle movement. The first employs double-ended actuators

while the rest use single-ended actuators. Figure 7.8 shows the

mounting of two double-ended actuators. The two actuators are mounted

so that L QAB is identical to A OtA'B'. A direct crossed connection of

these two actuators forms a hydraulic closed loop. Due to the same

cross-sectional area on both sides of the piston, the length of these

two linear actuators is kept the same during walking and the foot

If
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Figure 7.8: Hydraulic master-slave ankle system composed of two
double-ended actuators.
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attitude is maintained.

The two double-ended actuators can be replaced by two single-ended

actuators with the configuration as shown in Figure 7.9. If the master

actuator (the upper one) is lengthened by a distance, the slave actuator

(the lower one) is shortened by the same distance. The distance

between A' and B' is lengthened by the same distance (notice that the

cylinder, not the rod, of the slave actuator is hinged to the shank).

In a similar manner, if the master actuator is shortened by a distance,

the distance between A' and B' is also shortened by the same distance.

Hence, the length AB and A'B' is kept the same at all times. Thus, the

foot attitude is maintained.

Figure 7.10 shows the third arrangement of the ankle system.

Again, the two double-ended actuators of the first arrangement are

replaced by two single-ended actuators, and the special mechanism of

the slave actuator in the second arrangement is replaced by two dummy

actuators. One dummy actuator is added to each pipe line between the

two actuators. Since sides of the same cross-sectional area are

connected together, any displacement in one actuator will cause the

same displacement in the connected actuator in the reverse direction.

Hence, any displacement in the master cylinder will cause the same

displacement in the slave cylinder in the same direction. That is,

the master and slave actuators have the same length all the time.

The fourth arrangement is shown in Figure 7.11. The sides of the

same cross area are connected together to form a hydraulic closed loop.

Hence, the sum of the displacement of these two actuators is zero at

V%
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Figure 7.9: Hydraulic master-slave ankle system composed of two
single-ended actuators and special mechanism.
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Fi gure 7. 10: Hydraulic master-slave ankle system composed of two
sAn.l-ended actuators and two dummry actuators.
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all times. By proper selection of the positions of A" and B", the

foot attitude can be maintained to within a small error. A computer

program was developed to select the mounting positions of both

actuators, and a difference of less than 30 in foot attitude relative

to the body attitude throughout the entire walking envelope was

achieved.

Since single-ended actuators require less space, and since the

fourth arrangement has simpler structure and less weight, it was

selected for the breadboard leg of the ASV-84. Figure 7.12 shows a

schematic configuration of a pantograph leg equipped with a master-

slave passive ankle system of this type. The two longer cylinders

between the two joint actuators serve as accumulators which replenish

the oil leakage and provide the necessary rotary compliance at the

ankle. The two linear springs on these two accumulators are for

adjustment of the ankle stiffness.

7.5 Summary

In this chapter, leg performance with a rigid round foot and with

a foot with an ankle joint was compared. The design of a foot with an

ankle joint was found to be better in three areas: better support, no

effect on the horizontal foot speed, and less energy waste in deforming

soil. An active ankle system was found to be too complicated in leg

control and not economic in energy efficiency.

In addition to the active ankle system, two types of passive

ankle systems were introduced: The first was the parallel linkage

passive ankle. This system was expected to be energy efficient because

* *~. _ _ * __ ,,_
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the only work required in actuation was to overcome the friction loss.

A relatively large pathway for the roller chains between the foot and

the base, which is the sliding block, was required. The second was

the hydraulic master-slave passive ankle system. Both rotary and

linear actuators were suitable for such a system. Four kinds of

linear actuator arrangement were introduced. The advantages of the

hydraulic master-slave system were a simple structure and a flexible

pathway for the hydraulic pipe lines. Methods which provide foot

rotary compliance for both passive systems were also introduced.

-j 4 .. . . - -* '.'..- X-
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Chapter 8 ""

CONCLUS ION

8.1 Research Summarization and Evaluation

The research described in this dissertation is part of the ASV

project. The main objective was the design of the leg geometry and

the overall geometry of the ASV. In order to establish the proper

background for the design of an energy efficient and compact leg,

analyses of walking gaits and mobility were developed. The leg

geometry was then designed according to the results of these analyses.

8.1.1 Gait Analysis

In the area of gait analysis, a simple analytical approach using

the concept of leg local phase to calculate the stability margin of

periodic gaits was developed. In the past, the stability margin was

most often calculated by numerical methods, graphical methods, or

complicated mathematics such as non-linear programming methods [27].

None of these methods are as efficient as the analytical approach.

This approach has not only greatly enlarged the scope of the study

of gaits, it has also initiated the understanding of the relationship

between the stability of periodic gaits and leg walking volumes.

377
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In addition to the analytical approach, the graphical method of

stationary gait patterns was established by the author. It was

found that this method is very efficient in calculating the stability

margin of one certain gait and provides a good geometric understanding

of it. Several important facts relating to periodic gaits were

discovered with the help of the stationary gait pattern method.

The following are some important achievements in the study of

periodic gaits: One valuable development was the formulation of the

longitudinal stability margin of 2n-legged wave gait. In the past,

only the longitudinal stability margin of the four-legged wave gait

under the constraint that the stroke is not larger than the stroke pitch

could be calculated by a simple equation. Calculation of longitudinal

stability margins of other wave gaits depended on numerical computation.

The developed formula not only cover the normal case of using equal

stroke and stroke pitch, but also the case of using strokes not equal

to stroke pitches. Hence, combinations of stroke and stroke pitch

for different duty factors to attain an optimum stability of a wave

gait can be found. In a similar way, the equation describing the

effect on the longitudinal stability margin of shifting the center of

the stroke was derived. With these equations, strategies useful in

improving the stability of walking on a slope were established. The

analytical approach was also used to formulate the equations of the

longitudinal stability margin of other periodic gaits: the equal phase

" gait, the backward wave gait and the backwaird equal phase gait.

-
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The discovery of the continuous FTL gait is also noteworthy.

This gait provides the vehicle with a means of walking in rough

terrain at reasonably high speed. Many useful strategies to avoid Ile
I.,

forbidden regions in rough terrain walking were also developed. The

* development of the continuous FTL gait also provides a good foundation

* for the study of statically unstable gaits. In addition to the

continuous FTL gait, a general approach to the discontinuous FTL

gait was developed. This general approach improves the mobility of

the FTL gait developed in reference [36].

In the area of mobility study, large obstacle gaits (LOG's) for

the crossing over of three terrain feature types were developed. A

* general approach which determines the maximum crossing ability over
65

each terrain feature type was established. This approach uses the

concept Of the three phases of complete obstacle crossing, and the

concept of the foot range and the foot conditions in each phase. This

approach can also be applied to any other well defined terrain feature.

,. As a result of this development, vehicle mobility was determined

- according to a set of specified walking volumes, and the motion

characteristics in different types of obstacle crossing were understood. r
.* Thus, the overall walking volumes which provide the vehicle the

required mobility were designed, and obstacle crossing using a fully

automated LOG can be expected in the near future.

8.1.2 Leg Design

The design of the leg geometry was based on the studies of leg

. efficiency and gaits. The designs of four-bar and seven-bar legs



380

resulted in simple leg linkages which were potentially highly efficient.

The seven-bar leg was a leg with only revolute joints. In both designs,

linkage synthesis using computer graphics was applied extensively.

Several techniques for the optimization of leg linkages were developed.

These techniques can be applied directly to any synthesis of a four-bar

linkage which generates a straight line segment. Neither design was *

selected for the ASV because of compactness problems and mechanical

design problems.

The design of a pantograph leg depended at the beginning on a

trial and error method based on computer-aided graphical programs.

This design resulted in a leg geometry which satisfied all specifica-

tions. Later, an analytical approach to the study of both two dimen-

sional and three dimensional pantographs was developed. This develop-

ment included theorems relating basic motion features, singularities,

principal axes and the derivation of equations which describe different

motion limits. The analytical study is valuable because it makes the

design of a pantograph leg more efficient. These results can be

directly applied to the design of robot manipulators based on panto-

graphs. The breadboard pantograph leg built according to the design

developed here has exhibited satisfactory performance during

extensive laboratory testing.

8.2 Research Extension

The design technology of walking machines is still in its infancy.

Numerous areas need to be studied further. Only the areas which are

directly related to the present work are discussed.
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8.2.1 Gait Analysis

Several areas of gait study could be immediately extended on the

basis of the work presented in this dissertation. These are:

- A development of discontinuous FTL gaits which
is based on the backward periodic gaits.

- An implementation of the discontinuous FTL gait
described in the general approach of
discontinuous FTL gait.

- An implementation of the continuous FTL gait
with different strategies of avoiding forbidden
regions.

- A study and implementation of dexterous periodic
gaits, especially the dexterous wave gait.

A study of statically unstable gaits based on
the development of the continuous FTL gait.

An implementation of LOG's for the three terrain
feature types.

A study of LOG's for other terrain features and
for an obstacle of combined terrain features.

- A study of the relationship of the mobility of
four-legged walking machines to overall walking
volumes.

8.2.2 Leg Design

In the area of leg design, further optimization of leg geometry

is expected after a field test of the ASV. A full size seven-bar leg

could be built in order to compare it to the pantograph leg.

The foot-ankle system strongly affects the leg performance. The

design of the sole is needed immediately in order to enhance the

vehicle mobility in different soil conditions. This design should

include the mechanism for sole mounting. A passive master-slave

p°
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ankle system based on rotary actuators should be designed due to its

better compactness and mechanical strength.

Since the trend of future walking machine design is expected

to be toward lighter weight and fewer legs (the next generation of the

ASV may have only four legs), the leg design could be very different.

Under a light weight constraint, the design of the leg geometry is

allowed more freedom, and a larger magnification factor of the panto-

graph leg should be considered. Also, the guideway system of the

pantograph leg might be replaced by a simple linkage which generates

straight line motion. Many existing straight line linkages, such as

the Watt's linkage and the Peaucellier inversor linkage [57], should

be evaluated for this purpose.

If the vehicle has only four legs, statically unstable gaits will

necessarily be the major gaits. Hence, the leg should provide for fast

movement and strong thrust. Due to the requirement of fast movement,

dynamic effects should be carefully studied and included in the design

of the leg geometry, and very light link members made using special

materials should be considered.

.. N



Appendix A.

A GRAPHICAL METHOD TO FORMULATE THE GAIT STABILITY
MARGIN OF 2N-LEGGED WAVE GAIT

The formula of the gait stability margin of a four-legged wave

gait was derived by McGhee and Frank in reference [271. This formula

was stated as

-* 3/4 for R < P and 3/4 < < 1 (A.1)

The gait stability margins of wave gaits with leg numbers other than

four mainly depended on numerical computation. This inconvenience

was removed by an analytical approach which was shown in Chapter 3.

Through this analytical approach, a formula of the gait stability

margin for the general case of a 2n-legged wave gait was established.

In this appendix, a graphical approach which results in the same

formula is introduced. The formula of a six-legged wave gait is

developed first. The same approach is then extended to cover an

eight-legged wave gait. Finally, a formula for the general case of

2n-legged wave gait is developed.

The gait diagrams of six-legged wave gaits with duty factors

equal to 1/2, 2/3, 3/4,, 5/6 and 11/12 were shownin Figure 3.11.

According to each gait diagram, a stationary gait pattern is drawn
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to calculate the longitudinal gait stability margin, S. S is then

normalized to the effective body length, (n - 1) • p, to be S',

where

s' = S/[(n - 1) P] S /(n - 1) (A.2)
p p

In order to simplify the derivation, leg P = R 1. S' is then
p

normalized to the stride A to be

St = 5'p/X = s' • (A.3)
pp

Hence, -

s' = S/[(n - 1) X] = S*/(n - 1) (A.4)

According to Equation (A.1), the stability margin for I = is

taken by setting the extreme value of S* equal to 1/4 for a four-legged

wave gait. Then according to Sun's dissertation [30], the increase

of the gait stability margin S by adding one pair of legs is equal to
p

0.5 (when P = R = 1). Since S = S* at = 1, the extreme value for
p

the gait stability margin of 2n-legged wave gait at = 1 should be

S*= 1/4 + (n-2)/2 (A.5)

Dividing this extreme value .)y the effective body length (n-l) P,

where P 1, gives

S' = [1/4 + (n - 2)/2]/(n - 1) (A.6)p .
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The dimensionless gait stability margins obtained from the

stationary gait pattern method and Equation (A.6) are tabulated in

Table A.l.

Table A.1

Stability margins of six-legged wave gait

1/2 2/3 3/4 5/6 11/12

S' 0 3/16 1/4 3/10 15/44 3/8
p

S' 0 1/8 3/16 1/4 5/16 3/8

Since a simple term which is similar to S - 3/4 in equation (A.l)

is expected to appear in the formula of the six-legged wave gait,

different terms are calculated for investigation and are tabulated

in Table A.2.

Table A.2

Different combinations of terms

duty factor, 9

term 1/2 2/3 3/4 5/6 11/12 1

1 - 9 1/2 1/3 1/4 1/6 1/12 0

1/9 - 1 1 1/2 1/3 1/5 1/11 0

Q- 1/2 0 1/6 1/4 1/3 5/12 1/2

• ~~~~~~~~~~~~~~~..........• . ............ .. ..... ,o•• .-.. ,....•°...°.o
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Comparing Table A.2 to Table A.1, 2 - 1/2 increases as 2 increases,

which is the same as S' in Table A.], while the other two sets of

values decrease as 2 increases. lence,B - 1/2 is more likely to

appear in the final formula of six-legged wave gait. By carefully

examining the relationship between the values of S'and 1/2, a-1

factor of 3/4 is found to convert all the values of - 1/2 to the

values of S' Thus, the following equation satisfies the values of

S' in Table A.l.

S' = ( - 1/2) • 3/4 (A.7)

From Equation (A.4),

s* (n - 1) = (S - 1/2) • 3/2 (A.8)

In order to verify this formula, program HSM2 is used to calculate

the dimensionless gait stability margin S* of the six-legged wave

gait. The results show the values generated by equation (A.8) are

exactly the same as the values generated by program HSM2.

A similar derivation of a formula for S* of an eight-legged wave

gait was also carried out. Table A.3 shows the values of S' and S'p

obtained from stationary gait pattern mcthods. A set of values for

- 3/8 is also tabulated in Table A.3. This number 3/8 is selected

by examining Equations (A.l) and (A.8) and by trial and error.

By examining the last two rows of Table A.3, a factor of 2/3 is

found to convert all the values of P - 3/8 to the values of S' Thus,

the following equation can be used to generate the value of S' for

the eight-legged wave gait in Table A.3.

, '~~~~~~~~~..'.,,-.-..-..-.............-...................-....•.. ....-... *.......... .. .'
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Table A. 3

Gait stability margins of eight-legged wave gaits

Duty factor, .

3/8 1/2 2/3 3/4 5/6 11/12 1

St 0 1/6 7/24 1/3 11/30 13/33 5/12
p

S' 0 1/12 7/36 1/4 11/36 13/36 5/12

" - 3/8 0 1/8 7/24 3/8 11/24 13/24 5/8

S = ( - 3/8) • 2/3 (A.9)

Then

S* 3/8) • 2 (A.10)

By carefully examining Equations (A.1), (A.8) and (A.10), the

., equation of S* is a multiplication of two terms. The first term is

' minus a constant, and the second term is a constant (which is 1 for

* Equation (A.1)). According to Sun [30], S* is zero at B = 3/(2n) for

a 2n-legged wave gait. Since the second term is a constant, the first

term has to be zero .-t g ; 3/(2n). Let (B 3/(2n)) be the first term

4 to satisfy this condition. The general form of S* should be

S*= (- 3/(2n)) FACTOR (A.11)

Since the extreme value at 1 can be obtained from Equation (A.5),

the value of FACTOR can be found by equating (A.11) to (A.5) to be

,.. * : -* .,_-,
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FACTOR = n/2 (A.12)

Therefore, a general formula for the gait stability margin of a

2n-legged wave gait becomes

S* [ - 3/(2n)] n/2 (A.13)

or

S*= (n/2) * I - 3/4 (A.14)

This general formula does satisfy all the values of S* obtained

by graphical methods. It also satisfies the condition stated by Sun

in reference [30], that any addition of a pair of legs will increase

the gait stability margin S by 0.5. A more complete verification of
p

this formula can be done by extending program HSM2 to 2n-legged wave

gaits and comparing the resulting values.

After the development of the analytical approach given in Chapter

3 was completed, Equation (A.14) was compared to Equation (3.19)

in Chapter 3 by setting P = R 1. The two equations are exactly

the same.

-7 -.
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Appendix B
-t%

EFFECTS ON GAIT STABILITY MARGINS OF VARYING THE

STROKE OBTAINED BY THE STATIONARY GAIT PATTERN METHOD

In a manner similar to the formulation of the equation of gait

stability margin of wave gait in Appendix A, the effects on gait

stability margins of varying the stroke can be established by

either an anlytical approach or a graphical approach. The analytical

approach was shown in Chapter 3. The graphical approach is shown in

the following by examples.

Figure B.1 shows the stationary gait pattern of a quadruped wave

gait with = 5/6. Since it is a symmetric gait, only support patterns

for the first half cycle need to be shown. The support patterns which

determine the front minimal SL and rear minimal SL are at times 2 and

1, respectively. Due to the symmetric feature of the gait, only one of

these two support patterns need to be studied. The support pattern

at time 2 is chosen for this study.

If there is any change in stroke length (the centers of the strokes

are kept the same), the positions of the lift of leg 2 and of the

placement of leg 4 will be separated. The footprints at time 21 in

Figure B.1 show the case of R > P. These two new positions define

two front boundaries. One (the dashed line) determines the front SL

389
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(3-5/6
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Figure B.]: Gait diagram and stationary gait pattern of a
four-legged wave gait with 6 = 5/6.
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before time 2 and the other (the solid line) determines the front SL

after time 2.

Let m be the ratio of stroke R relative to stroke pitch P,

where P is kept the same and P ; P 0 Therefore,

m- R/P = R/P (B.1)

where m can be greater or less than 1. In Figure B.l, one full stroke

is divided into five increments. The foot position of leg 1 at time 2

is at P /2 + m • P /10.
0 0

After time 2, the front boundary is the solid boundary defined
by legs 1 and 4. The position of leg 4 is at -P /2 + m • P /2.

0 0

During the same support pattern, the position of center of gravity

proceeds from 0 to m • P /5. Since P = 5, the front SL can be.,0 0

calculated as

SL 5/2 + m/2 - 5/2 + 5m/2 m m/2 (B.2)1 2

Before time 2, the front boundary is the dashed boundary defined

by legs I and 2. The foot position of leg 2 at time 2 is at

P /2 - m • P /2. Since the front boundary changes (to the solid
0 0

boundary) immediately after time 2, the distance that the center of

gravity proceeds is zero. The front SL can be calculated as

SL 5/2 + m/2 + 5/2 - Sm/2 5/2 - m (B.3)2 2

The shorter distance of SLI or SL2 is the gait stability margin of the1 ai tbliymrino h

* . -...., . - . . . . . .

flt~~z..~b.S C C Sb . - -
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wave gait with stroke m • P From Equation (B.3) by, setting SL = 0,
o 2

the maximum value of m is 5/2. This means the maximum stroke for a j
statically stable wave gait with = 5/6 is 5P /2. Equations (B.2)

0

and (B.3) can be normalized to the stroke pitch Po which is equal

to 5, to be

S = m/lO (B.4)
P1

S = 1/2- m/5 (B.5)
p2

The shorter of these two is the normalized gait stability margin S P.p

Applying the same technique to a wave gait with B = 3/4 and

= 11/12, the resulting equations are shown as below:

Sp 0 (B.6)

S =1/2 -m/6 (B.7)
p2

11/12 Spl 2m/11 (B.8)

S 1/2 - Sm/22 (B.9)

p2

Equations (B.4) through (B.9) are plotted in Figure 3.14.

The same technique is applied to the hexapod wave gait with

duty factors of 1/2, 2/3, 3/4, 5/6 and 11/12 respectively. After

being normalized to the stroke, the resulting equations are obtained as:

Sp =1/2 -m/2 (B.10)

Sp2 =1 (B.11)

p2.-.

.rj
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B 2/3P S p. 1 1/2-m/8 (B. 12)

S 1l- m/8 (B. 13)p2

B=3/4, =p 1/2 (B.14)

S 1l-/6 (B.15)p2

B=5/6, S1 = 1/2 + m/10 (B.16)

S =1-m/5 (B.17)

B=11/12, =p 1/2 + 2m/11 (B.18)

S =1 Sm/22 (B.19)p2

For each set of equations, the smaller is the normalized gait

stability margin S .These equations are plotted as in Figure 3.14.
p

d,
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STRESS ANALYSIS OF FOUR-BAR LEG BY FINITE ELEMENT MF.THODS

When the four-bar leg designed in Chapter 5 is abducted or I.

adducted, the load distribution in different nodes becomes too compli-

cated to be calculated by analytical methods. A finite element method,

SUPERB, is used for this calculation and is shown in the following.

The leg position is chosen at the moment when the foot is being placed

(see Figure C.1). The positions of the nodes are then calculated.

Notice that the reference coordinate system is attached to the plate

on which the leg is mounted. The type of element selected is the

space beam element. The cross section area of each beam is a hollow

circle with a 3 inch outside diameter and a .25 inch thickness. The

material of the beam element is Aluminum. The physical properties of

the beam are selected and calculated as follows: ,-'

Modulus of Elasticity:

Tension: E = 10,000,000 psi

Shear: G 4,000,000 psi

Density:

v =0.1 lb/ins

Cross section area: vo

A (d - d2) 2.1598 in
2

4 o i
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Area moment of inertia:

I= I= - (d - d ) 2.0586 in.

y Z 64 0 1

Torsional constant: From page 292 of reference [63],

- Cr4 - r[) = 4.1172 in.

Effective radius: From page 292 of reference [63],

2T • r
S
s,max 7 * (r4 - r.)

0 1

Hence,

K S
s,max

Reff T o 1.5 in

Shear area ratio: The shear area ratio is given by

a A (a Y) d7 I - b

where

I= moment of inertia about z axis
z

a = area above the y coordinate

y= centroid of the area above the y coordinate

b = net width of cross section at v coordinate.
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A program named SECPGMN is used to calculate the area shear ratio of

the beam element. This gives

a a 1.4908
y z

These properties are entered into an input data file for SUPERB

and is shown in Table C.l. This input data file is then submitted to

be processed by SUPERB. Some of the results of SUPERB are shown in

Tables C.2 through C.5. These results are used as a design reference

in the mechanical design of the leg. A plot of the deflected leg

under the load condition can also be obtained.

41

. SECPCM is one of the programs in the package called GOCAD, which

stands for Graphics Oriented Computer Aided Design. GOCAD is
developed at the Department of Mechanical Engineering of the Ohio
State University.

).~

.. • ~°.°°.')° -. . ..". . . . . . . . . . . . . . . . . . . ..-. . . . ..-. . ..-. .*° .- - - - . *. o,.-*. •*. •.o - °%• o (- - - ) .% . (. ,.), _ . ,.



398

Table C.l

The input data file of the four-bar leg for SUPERB

FOUR-BAR LEG #203-2-3, TOUCH DOWN POSITION, SIDE LOAD
ANALYSIS

5 0 1
ETABLE

1 51
MTABLE

1 10.E6 4.E6 0.100
PTABLE

1 2.1598 2.0586 2.0586 1.4908 1.4908 4.1172
k2 6

*4 1.5 1.5 1.5
2 2.1598 2.0586 2.0586 1.4908 1.4908 4.1172

*3 6

4 1.5 1.5 1.5
3 2.1598 2.0586 2.0586 1.4908 1.4908 4.1172

2 6
A3 6
*4 1.5 1.5 1.5

4 2.1598 2.0586 2.0586 1.4908 1.4908 4.1172
%2
,3
*4 1.5 1.5 1.5
NODES

1 16.308 -18.264 0.000
2 25.680 -21.000 0.000
3 43.104 -25.944 0.000
4 27.000 -16.200 0.000
5 43.104 -25.944 6.000
6 27.348 -31.248 6.000
7 10.680 -37.200 6.000
8 5.280 -22.800 6.000
9 21.660 -67.776 6.000

10 21.660 -73.776 6.000
11 27.348 -31.248 3.000
12 0.000 0.000 3.000

I'
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* Table C.1 (continued)

ELEM1ENTS
1 1 1 1 2
1 2 1 2 3
1 3 1 4 2

1 4 1 3 5
1 4 1 5 6
1 4 1 6 7
1 4 1 5 8 -

1 4 1 8 7
1 4 1 7 9
1 4 1 9 10

1 4 1 11 6
1 3 1 12 11 4

SUPPORTS
1 7
4 7
12 7

LOADING 1

ACES0.0 0.0 0.0 0.0 0.939 0.342

FORCES
10 2 1409.
10 3 513.

GEOMETRY

2 2
3 3

POST
1 2

OUTPUT
1 12 1 1 12 1

%1 1 1
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Table C.4

The generalized forces transmitted to element
nodes in nodal coordinate directions

FOR-BAR. LEG #203-2-3, TOUCE DOW'N POSITION, SIDE LOAD

LOADINS CASE 1 SETJENCE 1

GENERA.:IZED FORCES TP.A-SMITTr TO EL T NODES LN LOCAL NODAL COORDINATE DIRPCE NZ
(GEN. FORCE-) = (ELE! . STIF. MATRIX) X (ELD. DISP.) - (EQUIV. ELE!M. NODAL FORCES)

E.LV, NODE FORCE-X FORCE-Y FORCE-Z MOMENT-X MOMIT-Y MOMENT-Z
1 1 -1059. 841.8 -541.2 6100. 2963. 0.OOOOE+00
1 2 1059. -e39.8 541.9 -4619. 2113. 4983.

2 2 -1269. 75.79 -486.9 1.7439E+04 -2691. -4993.
2 3 1269. -72.12 489.2 -1.5029E+04 1.1186E 04 -2.6073E-14

3 4 -210.0 -763.0 55.44 1.2555E+04 -504.9 0.00005+00
3 2 210.0 764.0 -55.07 -1.2821E04 577.9 O.000E+00

4 3 -1269. 72.12 -488.2 1.5029E.04 -1.1186E+04 O.000E+00
4 5 1269. -70.90 488.6 -1.545eE+04 3574. O.0005+00

5 5 -1517. 180.2 -649.2 8917. -7722. -2840.
5 6 1517. -176.8 650.5 -5471. -2517. -8021.

6 6 -248.7 -1278. -665.5 1.4373E04 -4465. 8021.
6 7 248.7 1281. 666.8 -1.0408E04 -6639. 1.1823E+04

7 5 249.7 -109.3 160.6 6540. 4148. 2840.
7 e -248.7 117.0 -157.8 -6040. 173. 657.3

8 8 248.7 -117.0 157.8 6040. -1873. -657.3
8 7 -248.7 120.1 -156.6 -8304. 1024. 3599.

9 7 -2.3590E-12 -1401. -510.2 1.8712E,04 5615. -1.5421E+04
9 9 2.3590E-12 1408. 512.6 -3077. -2.1560E-12 6.4332E-12

10 9 3.6380E-12 -1408. -512.6 3077. 0.0005E00 2.4556E-11
10 10 -3.6380E-12 1409. 513.0 -4.8563E-11 O.0OOOOE0 1.2733E-11

11 13 1269. -1454. -14.81 1.3264E+04 -3176. -5.6843E-14
11 6 -1269. 1454. 15.03 -8902. 6981. 5.6843E-14

12 12 1269. -1445. -11.74 1.3679E+04 -2813. O.0005.00
12 11 -1269. 1454. 14.81 -1.3264E+04 3176. 0.0005.00

:< I-

....->1.-
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